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SI01-030 

Descriptio n 

CALCULATING SPLICE LOSS BY GEOMETRIC MEASUREMENT 

5 Cross-Reference To Related Applications 

This applicati o n claims the benefit of priority under 35 U.S.C. § 1 19 of 

German Patent Application No. 19927583.1 tiled June 16. 1999, and is a national 
stage filing under 35 U.S.C. § 371 of PCT Application PCT/DE00/02008. filed 
June 16, 2000. 
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Field of The Invention 

The invention is directed to optical waveguides, and in particular to 

methods for determining the attenuation of a splice connecting two optical 
waveguides. The splice attenuation is calculated from the intensity values assigned 
15 to field distributions, before and after the splice, corresponding to a mode that is 
capable of propagating in the fiber. 

1. Introduc tion 

Background Of The Invention 

2 0 The method known as "thermal splicing" can be used to interconnect both 

monomode and multimode glass fibers and glass fiber strips in a bonded, low-loss 
and permanent fashion. _Since the costs of constructing an optical waveguide cable 
network are not inconsiderably influenced by splicing as a work step that is 
frequently to be carried out, convenient devices which can also be used on site 

2 5 under difficult conditions have been developed which execute all the steps required 

for welding glass fibers in a largely fully automatic fashion (see ICCS and Future- 
Link; catalog 1998; Siemens-Communication-Cable Networks; pages 107 - 1 16 
[1], for example ). The loss in the splice junction produced in such a device is a 
function, inter alia, of the exact alignment of the optically conducting fiber cores, 

3 0 the quality of the fiber end faces (roughness, angle of fracture, etc) and of the 

welding parameters (welding time, welding current) selected by the operator or 
described by the respective control program. 

2. Pri o r a rt 

35 

Disturbances in the geometry of the optically conducting fiber core are 

decisive for the magnitude of the loss in the splice produced. In particular, the T-he 
loss caused^vpitrt+eHJiirT by a core offset, bending of the core or widening or 
1 
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tapering of the core can be determined, for example, by means of a transmission 
measurement and the use of a bending coupler (LID system) installed in the splicer. 
In this case, light is coupled into the glass fiber upstream of the splice point, and 
coupled out again downstream of the splice point. The intensity of the light 
5 transmitted from one glass fiber into the other glass fiber via the splice is then a 
measure of the loss. This measurement method cannot be applied, however, when 
an excessively thick or dark-colored fiber coating prevents light from being 
coupled into and out of the fiber core. 

1 o The method disclosed i n EP 0 326 988 B14 34 for determining the splice 

loss is based on the optical detection of the core offset, the oblique position of the 
fiber cores and the core bending in the region of the splice point. An empirically 
determined formula describes the functional dependence of the loss on the said 
parameters. Since the method does not require light to be coupled into and out of 
1 5 the fiber core, it can always be applied independently of the light-passing capability 
of the fiber coating. JHowever, it supplies reliable loss values only when the 
previously named parameters alone determine the loss of the splice. However, this 
is not always the case, particularly with wrongly set welding parameters or high 
losses. 

20 

3. Subject ma tt er, goal s and ad v antages of th e i nv e nti o n 

Summary of The Invention 

The subj e ct matter of the invention is directed to a method for determining 

the loss in ef a splice connecting two optical waveguides. The term "splice" in this 

2 5 case denotes that bonded connection, in particular produced by thermal 

fusing/welding, between at least two optically conducting structures or elements, 
that is to say, in particular, the connection between glass fibers, glass fiber strips/ 
glass fiber bundles or the connection between a glass fiber or a glass fiber strip and 
an active or passive optical component. 

30 

The method i s int e nd e d to e nable the user to determ i n e the loss in the splice 
produc e d, doing s o w i th high accuracy while taking account of al l t he parameter s 
s u bstantia ll y influencing the loss. This ob je ct i s achi eved by means of a method 
having the features specified in paten t claim 1 . The d e pendent claim s relate to 

3 5 advantageous embod im ents a n d development s o f the me t hod s 
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Th e proposed method can bo applied straight away in a modern splicer, since all 
that i s n e eded is to adapt its software app r opriately. The m e thod i s distingui s hed, 
furthorrnoro, by the following properties: 

. the achievable accuracy of the d e t e rmination of loss is limited essentially 

only by the quality of th e optical s ystem s e rving to visualize the fib e r core, and th e 
performanc e of the proc e ssor ex e cuting the fi e ld calculation; 

the loss in th e splice can b e determined as a function of dir e ction; 

comparativ e ly thick and/or darkly colored fiber coating s cannot impair the 

measurement; - 

the splice los s can be calculat e d for any d e sired operating wavelength, and 

the m e thod permits simple adaptation to th e resp e ctive r e quir e m e nts (for 

example high accuracy, fast m e asurement). 

4 . Draw mgs 

Brief Description Of The Drawings 
The invention is explained in more detail below with the aid of drawings, in 

which: 

_Fi&ure 1_ shows the schematic structure of a modern thermal splicer 

operating largely fully automatically^ 

Fig.ure 2_ illustrates shews the relative position of the ends of two 

optical fibers that are to be connected^ 

a) after being brought together and coarsely positioned; 

b) after being aligned with reference to their outer contours, and 

c) after being aligned with reference to their optically conducting fiber 

cores; 

Figure 3_ shows the schematic structure of a glass fiber, and the profile 

n(r) of the refractive index in the plane oriented perpendicular to the fiber 
longitudinal axis.t 

■ Fig. we 4 illustrates s how s the intensity distribution ("shadow 

image" of the glass fiber) produced in the case of transverse transillumination of a 
glass fiber, by means of an imaging optical system in the sensor plane of a CCD 
camera^ 

_Fig.ure 5 illustrates shows the shadow image of the glass fiber 

whose core has a lateral offset in the region of the splice^ 

Fig. we 6 illustrates shows the shadow image of a glass fiber 

whose core is bent in the region of the splice^ 
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Figure 7 illustrates shows the shadow image of a glass fiber 

whose core is expanded/compressed in the region of the splice.t 

Fig^ttfe 8 illustrates shows the shadow image of a glass fiber in 

the case of which, because of the diffusion of the dopant atoms, the pair of lines 
5 defining the core exhibit a lesser brightness or a lesser contrast in the region of the 
splice than outside the heating zone^f-and 

Fig.we 9 illustrates shows the subdivision into cuboids and layers 

of the space on which the method of field calculation is based and containing the 
fiber core. 

10 

5. D es cription of th e e xemplary embodiments 

Detailed Description of The Invention 
The method is intended to enable the user to determine the loss in the splice 
produced, doing so with high accuracy while taking account of all the parameters 
15 substantially influencing the loss. This object is achieved by means of a method 
having the features specified in patent claim 1 . The dependent claims relate to 
advantageous embodiments and developments of the method. 

The proposed method can be applied straight away in a modern splicer, since all 

2 0 that is needed is to adapt its software appropriately. The method is distinguished, 

furthermore, by the following properties: 

» the achievable accuracy of the determination of loss is limited essentially 

only by the quality of the optical system serving to visualize the fiber core and the 
performance of the processor executing the field calculation; 

25 » the loss in the splice can be detemnined as a function of direction; 

» comparatively thick and/or darkly colored fiber coatings cannot impair 

the measurement; 

» the splice loss can be calculated for any desired operating wavelength, 

and 

3 0 ; the method permits simple adaptation to the respective requirements ( for 

example high accuracy, fast measurement). 

The splicer illustrated only schematically in Fig, figure 1 permits optical 

fibers to be welded in a largely fully automatic fashion. _The bonded connection of 
3 5 the optical fibers that is produced with the aid of an arc (electric glow discharge) 

struck between two electrodes, which is denoted below as "splice" for short, is free 
of inclusions, the loss caused by the splice being on average approximately L = 
0.02 -0.03 dB (identical standard monomode glass fibers). 



4 
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The connection of the monomode or multimode glass fibers consisting in 

each case of a core (refractive index iw), a cladding (refractive index nci add j ng < 
ncore) and a coating of one or more layers is usually performed by executing the 
5 following method steps: 

a) preparing the fiber ends 1/2, that is to say carefully removing the fiber 

coating, cleaning the fiber ends 1/2 and breaking the fibers in such a way that the 
fiber end faces are orientated approximately perpendicular to the fiber longitudinal 

1 0 axis (angle of fracture < 0.8°; typically 0.5°); 

_b) fixing the fiber ends 1/2 in the holders of the splicer; 

c) bringing the fiber ends 1/2 together and aligning them by means of 

high-precision positioning units 3/4/5 by using the LID system 6/7 (Local Injection 
and Detection) and/or by video image evaluation; 

1 5 d) cleaning the fiber end faces by briefly heating the fiber ends 1/2; 

e ) feeding the fiber ends 1/2 and fusing them by striking an electric arc 

between two electrodes 8/9 arranged in the region of the fiber ends 1/2, and 

f) checking the quality of the splice (measuring the splice loss, checking 

the tensile strength). 

20 

Whereas the method steps a) and b) must be executed by the operator, that 

is to say still have to be done manually, the method steps specified under c) to f) 
and mentioned further in Catalog 1998 cited above, -fflr in particular the 
determination of the angle of fracture, the quality and the level of contamination of 

2 5 the fiber end faces run under program control in the splicer. 

Referring now to Fig. L the 3%e splicer is equipped with the following 
components and elements in order to carry out these method steps: 

3 o i_— three positioning units 3. 4. and 5 3/4/5-for independently displacing 

the fiber ends 1/2, respectively guided in V grooves, in three orthogonal spatial 
directions (x-, y- and z-axis = fiber longitudinal axis), 

.___a control unit 10 for driving the actuating elements (positioning 

motors, piezoelectric actuators) of the positioning units 3, 4 and 53M/S, 

3 5 a transmission measuring device consisting of an optical transmitter 6 

(light-emitting diode, bending coupler) and an optical receiver 7 (bending coupler, 
photodiode, amplifier) (LID system, see- see Catalog 1998 cited aboveR], for 
e x amp le), 
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•_ — two optical systems for projecting the outer contours or the profile of 

the two fiber ends 1/2 into two planes (x/z- or y/z-plane) orientated orthogonally 
relative to one another, the optical systems respectively have a light source 11/12 
(light-emitting diode), an imaging optical system 13/14 and a CCD camera 16/17 
5 which is connected to the video evaluating unit 15 and defines the x/z or the y/z 
sensor plane, 

— a heat source for heating the fiber ends 1/2 to the melting temperature, 

situated in the region between approximately 1600-2000°C, the supply of heat 
being performed in the exemplary embodiment shown by means of a glow 
1 0 discharge produced between two electrodes 8/9 and controlled by the unit 1 8, 

•_. — a central controller 19 which is connected on the input side to the video 

evaluating unit 1 5 and executes and monitors all the steps required for splicing in 
accordance with the selected program, and 
^_ — an LCD monitor (not illustrated). 

15 

After the glass fibers have been inserted into the holder of the splicer, their 

ends 1/2 are not generally aligned opposite one another. As illustrated in FigJ*gu*e 
2 schematically in side view, both the outer contours of the fiber ends 1/2 and the 
fiber cores C1/C2 then do not necessarily exhibit a transverse offset 8 k or 8 C of the 
2 0 same size. _The offset 8 k of the outer contours is now measured by evaluating the 
projections, recorded with the aid of the two CCD cameras 16/17, of the fiber ends 
1/2 in the x/z-plane or the y/z-plane. _Subsequently, the fiber ends 1/2 are displaced 
with the aid of the first positioning units 3. 4 and 5 3/4/5, driven with the aid of the 
control unit 10, in a transverse direction, that is to say in the direction of the x- and 

2 5 y-axes until the outer contours of the fiber ends 1/2 are aligned, their transverse 

offset 8 k thus vanishing at least approximately (S kx ~ 8 ky « 0) both in the x- and in 
the y-directions. .After this alignment, referred to as fine positioning, the fiber ends 
1/2 are situated opposite one another, as illustrated in Fig- figure 2b. The core offset 
8 C , caused by the eccentric position of the fiber cores C1/C2, which is still present 

3 0 is clearly to be seen. 

In order to produce a splice with the lowest possible loss, the fiber ends 1/2 

must therefore further be aligned with regard to their cores C1/C2, that is to say the 
core offset 8 C must be removed or at least minimized. .This is performed by using 
3 5 the LID system, which feeds the IR radiation, emitted by a light-emitting diode on 
the transmitter 6, of wavelength 800 nm <X< 1600 ran, in particular X = 1300 nm 
or X = 1550 nm, into the left-hand glass fiber via the assigned bending coupler, and 
measures the intensity of the radiation, coupled from the left-hand fiber end 1 into 

6 
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the right-hand fiber end 2, by means of the optical receiver, consisting of a second 
bending coupler and a photodiode amplifier unit. .The fiber ends 1/2 are displaced 
in this case in the transverse direction until the radiation intensity measured in the 
optical receiver 7 of the LID system reaches a maximum, the fiber ends 1/2 thereby 
5 assuming the position illustrated in Fig. figu re 2c (fiber cores C1/C2 in line and 
aligned in parallel with the z-axis; small contour offset corresponding to the 
corrected core offset 5 C ). 

Subsequently, the fiber ends 1/2 are heated by striking the electric arc 

1 0 between the electrodes 8/9, brought together and fused with one another. .During 
this process, the LID system 6/7 continuously measures the light transmission via 
the splice point. Jf the intensity measured in the optical receiver 7 reaches a 
maximum, the optimum welding period is reached and the welding operation is 
automatically terminated. .By applying this technique, referred to as automatic 
1 5 fusion time control, it is possible largely to compensate the effects caused by the 
state of the electrodes 8/9 (non-optimum spacing, wear, etc) and/or by 
environmental influences (moisture, air pressure, temperature), and which lead to a 
rise in splice loss. 

2 o Despite every care taken and the precision exercised during the preparation, 

alignment and bringing together of the glass fibers 1/2, as a rule it is not possible 
to, as a rule, completely to avoid a residual offset of the fiber cores C1/C2, oblique 
positioning of the fiber longitudinal axes and/or of the fiber end faces, as well as an 
overtravel (the incipiently fused fiber ends are brought together and pushed into 

2 5 one another beyond the permissible extent). Depending on the extent/magnitude of 

these "faulty positions", it follows that in the region of the splice produced the 
geometry of the fiber core C1/C2 deviates more or less strongly from that of the 
undisturbed fiber. .Since it is essentially only the fiber core that transports the light, 
disturbances in the core geometry in the region of the splice are chiefly responsible 

3 0 for the increase in the loss. .Thus, methods for determining the quality of a splice 

can therefore supply results of high precision only when the core geometry, that is 
to say the spatial distribution of the refractive index n( r ) determining the loss 
response, at the splice point features in the calculation of the loss. 

3 5 In the ease e£the propo s ed method of the invention , the splice geometry is detected 
in three dimensions by means of the optical systems 1 1 - 17 present in the splicer 
and therefrom the spatial distribution n( r ) of the refractive index that exactly 
describes the splice and its properties (that is to say also the loss) is derived. In 

7 
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detail, the determination of the splice loss requires the execution of the following 

steps, explained below in more detail: 

•_ — determining the splice geometry in three dimensions and calculating 

5 the spatial distribution n( r ) of the refractive index; 

^_ ascertaining the field distribution ("initial field distribution" E (z 0 )) of a | 

mode that can be propagated in the glass fiber (corresponding, for example, to the 
fundamental mode LPoi in what is termed a monomode glass fiber) inside a spatial 
region situated upstream/downstream of the splice in the beam direction; 
1 0 — calculating the field distribution ("final field distribution" E (z n )) of | 
this mode inside a spatial region situated downstream of the splice in the beam 
direction, and 

— calculating the loss in the splice from the intensity values assigned to | 

the two field distributions. 

15 

Detecting the splice geometry in three dimensions 

Referring now to Fig. 3, a A glass fiber serving to transport electromagnetic 

radiation and denoted in figure 3 by 20 consists, for example, of a Ge-doped SiC>2 
2 0 core 21 (n core = 1 .48), and Si0 2 cladding 22 (nodding = 1 -46) concentrically 
sheathing the core 21, and of a plastic coating 23 that protects a core 21 and 
cladding 22 against external mechanical, thermal and chemical actions and is 
usually of colored finish and, if appropriate, also provided with a ring marking. _In | 
the case of a monomode glass fiber 20, the core glass diameter is typically 

2 5 (J> core = 9 urn, while the cladding glass diameter is typically <t> c iaddin g = 125 um. 

Since the concentration of the dopant in the glass fiber 20 has a constant j 

value on the fiber longitudinal axis OA, and exhibits in the plane orthogonal 
thereto, for example, the profile illustrated in the right-hand part of Fig. figure 3, the | 

3 0 spatial distribution of the refractive index n( r ) is also radially symmetrical with 

reference to the fiber longitudinal axis OA (n( r ) = n(r,z=zo)). .Because of the | 
already mentioned effects (offset of the fiber core, oblique position of the fiber end 
faces, etc before the splicing), the spatial distribution of the refractive index n( r ) 
in the region of the splice can differ substantially in some circumstances from the 
3 5 refractive index distribution n 0 ( r ) of the undisturbed glass fiber. As already j 
explained, it is essentially only the deformation of the optically conducting regions, 
that is to say the fiber core 2 1 , that is responsible for the loss in intensity at the 
splice point. Consequently, to calculate the loss it suffices to know the spatial | 

8 
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distribution n( r ) of the refractive index inside a volume containing the core 21 

and extending, for example, only 20 - 40 am in the transverse direction (x/y-plane). 

Recording images of the splice 

5 

Figure 4 shows the intensity distribution generated by the imaging optical 

system 14 on the sensor surface 17', defining the x/z-plane, of the CCD camera 17, 
when a glass fiber 20 stripped of its protective coating 22 is trans z illuminated by 
activating the light source 12 in the transverse direction (x-direction). _Clearly in 

1 0 evidence are the outer contours 22' (outer edge of the fiber cladding 22) of the glass 
fiber 20, the two dark zones 24/24' caused by the cylinder lens effect, and the 
image of the fiber core 2 1 (pair of lines 21 '). A corresponding shadow image is 
produced by the system, comprising the light source 1 1 and the imaging optical 
system 13, on the sensor surface, defining the x/z-plane, of the CCD camera 16. 

1 5 The two intensity distributions are fed via the video evaluating unit 1 5 to the 

controller 19, which is equipped with a powerful microprocessor, and stored there 
in digital form. 

Direct calculation of distribution n( T ) of the refractiv e index from the image of 
20 the splice 

If the optical systems of the splicer have a sufficiently high resolution, the 

spatial distribution of the refractive index n(r ) can be calculated directly from the 
recorded images, for example with the aid of the method described by D. Marcuse, 

25 "Principles of optical fiber measurement". Academic Pres s. 1981 IT5BN 0-12- 

470980-X1, pages iS0-165 tH-R4- _This does not require any additional information, 
and the distribution of the refractive index has not to be standardized in some way. 
There are, however, the disadvantages of the necessary imaging optical system, 
which meets high demands and is teefefe therefore, comparatively expensive, and 

3 0 of the expenditure, additionally required in the case of some methods, for 
generating interference images. 

Deriving the distribution of the refractive index n( jT) from a basic distribution 
n Q ( JL) 

35 

In order to determine the spatial distribution of the refractive index n( r ) in 

the region of the splice, what is termed a basic distribution n 0 ( r ) of the refractive 
index is modified by means of suitable parameters obtained from the recorded 
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images of the splice. _The spatial distribution of the refractive index in the 
undisturbed glass fiber serves, in particular, as basic distribution n 0 ( r ). _Said 
undisturbed glass fiber is known in the case of use of specific types of glass fibers 
(standard fiber, dispersion-shifted fiber, erbium-doped fiber, etc), or it can be taken 
5 from the data sheet or supplied by the manufacturer upon request. If appropriate 
information is not available, the distribution n 0 ( r ) of the refractive index of the 
undisturbed fiber can be determined experimentally, for example by means of the 
method described by H.-G. Unger, "Optische Nachrichtentechnik", Hiithig, 1998 
[ISBN 3-7785-22261-21, pages 648-671 m-f4}. 

10 

_v It is advantageous in practice for the spatial distribution, serving as basic 

distribution no( r ), of the refractive index of the undisturbed fiber to be determined 
in advance for the different, frequently used fiber types and to be stored in the 
splicer, if appropriate in parametric form. _Since the glass fibers used in 
15 telecommunication are for the most part designed to be homogeneous in the 
direction of their longitudinal axis OA and to be rotationally symmetrical with 
reference to this axis OA, the distribution of the refractive index also has a 
corresponding symmetry, that is to say what is termed the refractive index profile 
n(r, zo) (r: lateral distance from the fiber longitudinal axis OA) describes the 

2 0 distribution of the refractive index completely. 

The following examples explain the steps required to determine the 

distribution n( r ), featuring in the calculation of the loss, in the region of the splice 
by modifying a basic distribution n 0 (r). .For the sake of clarity, the effects and 
25 mechanisms which act to increase loss and occur in practice simultaneously for the 
most part, are illustrated separately. The distribution n^i( r ), determined for a 
wavelength X\, of the refractive index can be converted in this case with the aid of 
what is termed the Sellmaier series ( for example, see Electronic Letters. Vol. 14, 
No. 11, May 1978, pages 326-328 [51, for e xample ) into the corresponding 

3 0 distribution n\ 2 ( r ) in the case of another wavelength X.2. 

Offset of the fiber cores 

In the ideal state, the core and cladding of the two interconnected glass 

35 fibers have the same axes of symmetry, which coincide with the z-axis, in the 

region of the splice, as well. However, because of incorrect positioning of at least 
one of the two glass fibers in advance of fusing (null alignment), offsetting of the 
cores which disturbs the light propagation and increases the loss occurs in the 

10 
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region of the splice point 25 (see Fi g, fig u re 5). Consequently, in the intensity 
distributions produced by the imaging optical systems 13/14 on the sensor surfaces 
of the CCD cameras 16/17, respectively, of the splice point there is to be observed 
a lateral displacement, proportional to the offset, of the pairs of lines 21V21", 
5 representing the respective cores, with reference to the z-axis, the curve describing 
the lateral distance x m /y m of the core centers from the z-axis showing the stepped 
profile illustrated schematically in the right-hand upper part of Fig, figur e 5. 

If the spatial distribution no( r ) of the refractive index of the undisturbed 

1 0 glass fiber (basic distribution) in a transverse direction has, for example, a stepped 
profile illustrated in the lower part of Fig. figure 4, the refractive index distribution 
n( r ) being sought, which approximates the real conditions, is calculated by 
modifying the basic distribution no( r ) in accordance with Eequation (1). 

15 n(r,z) = no(r' + Ar, z) (1) 

wherein 

Ar 2 = x m 2 (z) + y m 2 (z) 

XmT is the lateral displacement of the core center in the x/z-plan e, and 

2 0 Vmv is the lateral displacement of the core center in the y/z-plane 

The refractive index profile therefore changes on the z-axis in accordance with the 
right-hand lower part of Fig-figure 5. 

2 5 The offset of the pair of lines 2 172 1 " representing the fiber core 2 1 with 

reference to a reference position situated preferably at the left-hand or right-hand 
edge of the image is measured in order to extract with high accuracy from the 
images the lateral distances x m (z)/y m (z) of the fiber center from the z-axis 
illustrated in the shadow image. _The correlation method described by W. Lieber, 

3 0 "Verfahren zur Ausrichtung zweiter Lichtwellenleiter-Faserenden und Einrichtung 

zur Durchfuhrung des . Verfahrens" [Method for aligning two optical waveguide 
fiber ends and device for carrying out the method.], EP Application No. 90109388, 
17.05.1990, in [61, for example, can be applied for this purpose. 

3 5 If the optical system of the splicer does not permit images/visualization of 

the fiber core 2 1 , it can be assumed in a first approximation that the core 21 does 
not significantly change its position relative to the outer contour of the fiber during 
fusing. _The lateral distance of the middle of the core from the z-axis illustrated in 
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the shadow image then approximately corresponds to the lateral distance of the 

center of the fiber outer contour 22' from this axis. 

Bending of the fiber core 

5 

Bending of the fiber core in the region of the splice comes about, for 

example, because of the eccentric position of at least one of the two cores inside 
the respective glass fiber and/or the nonparallelism of the mutually opposite fiber 
end faces in advance of fusing. .The two imaging optical systems 1 3/ 1 4 of the 

1 0 splicer then respectively generate a shadow image of the splice which is illustrated 
schematically in the left-hand part ofFig.figttfe 6. Outside the heating zone 26, the 
center of the fiber core is to be situated below on the z-axis, but to be offset in the 
middle 25 of the splice by Ax(z s ) or Ay(z s ) in the lateral direction. The lateral 
distance Ax(z)/Ay(z) of the core center therefore changes on the z-axis in 

1 5 accordance with the function that is illustrated in the right-hand upper part of 
Fig. figure 6 and passes through a minimum in the middle 25 of the splice 
(coordinate z s ), 

In order to obtain the spatial distribution, approximated to the real 

2 0 conditions, of the refractive index in the region of the splice, the basic distribution 

n 0 (r) is displaced in the lateral direction in accordance with the measured lateral 
distance Ax(z)/Ay(z) of the core center from the z-axis. .The right-hand lower part 
of figure 6 shows the profiles n(r,z) of the refractive index that are assigned to the 
various z-values. 

25 

Change in the cross section of the fiber core 

If the two glass fibers to be connected are compressed or drawn apart from 

one another during the splicing operation, this produces an expansion or tapering of 

3 0 the fiber core and the outer contour in the region of the splice, something which 

influences the loss. .In the shadow image of the splice that is produced (see 
Fig.fi »ure 7), the lines 2 1 ' which delimit the fiber core from the fiber cladding and 
run outside the splice point approximately parallel to the z-axis then exhibit a 
distance from one another which is increased/reduced by comparison with the 
3 5 undisturbed regions situated at the edge of the image. T he right-hand upper part of 
Fig.fmure 7 shows the functional dependence of the widening Adx/ y of the core 
diameter along the z-axis. The width d^fa) of the core is greatest in the middle 25 
of the splice. The ratio V^z) given b v Equation 2 



12 



Version with Markings to Show Changes Made 

_V^(z): = [dx/ y (z)]/[d^(2o)]. : (2) 

d x /y(z) , the f spacing of the pair of lines 21' at a point z in the region of the splice^ 
5 and 

d x /y(zo) , the — spacing of the pair of lines 21' at a point z 0 outside the heating zone 5 

therefore defines a measure of the change in cross section of the fiber core. 

1 0 In order to obtain the distribution of the refractive index at the splice point, 

the basic distribution no(r) is compressed or stretched in accordance with the ratio 
Vx/ y (z) in the x/y-plane, such that, for example, the refractive index profile 
illustrated schematically in the right-hand lower part of Fig, fi gure 7 is obtained at 
different points on the z-axis. 

15 

If no high quality imaging system is available (core not visible in the 

shadow image), the change in cross section of the fiber core can be equated at least 
approximately to the change in cross section of the outer contour (not illustrated in 
Fig. figure 7). Jt therefore suffices to measure the fiber outer contours 22' in the 
2 0 respective shadow image, in order to determine the compression or expansion 
factor Vx/ y (z) that can be applied to the basic distribution. 

Diffusion of the dopant in the region of the splice 

2 5 During the heating of the glass fibers in the arc, the dopant responsible for 

the different refractive indices of core and cladding begin to migrate in the 
direction prescribed by the gradient of the concentration, that is to say chiefly in the 
lateral direction outward into the cladding. This process leads to a change in the 
refractive index profile that influences the loss. 

30 

Since the concentration of the dopant at the core/cladding boundary 

decreases as a consequence of the diffusion, the image contrast is reduced at the 
splice point, that is to say the pair of lines 21' representing the fiber core appear to 
be less dark in the shadow image produced, in particular in the middle 25 of the 

3 5 splice, than outside the heating zone 26, for example (see figure 8). .The change 

Apx/y, caused by diffusion, in the dopant concentration on the z-axis thereby 
approximately follows the bell-shaped curve illustrated in the right-hand upper part 
of Fig, figu re 8. 

13 
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In order to obtain the distribution of the refractive index n(r,z) at the splice, 

the basic distribution no(r,z 0 ) is compressed or stretched in the lateral direction with 
the aid of a parameter Sx/ y (z) = f(Kx/ y (z)) dependent on the ratio 

5 

Kv/iz): = H x/y (z)/H x/y ( Zo ). (3) 

Hx/ y (z): brightness/intensity of the core boundary at a point z in the region of 

the splice 

1 o Hx/ y (z 0 ):_ brightness/intensity of the core boundary at a point z 0 

outside the heating zone, 

such that the distribution n(r) being sought exhibits the profile, illustrated in the 
right-hand lower part of figure 8, on the z-axis. The ratio Kx/ y (z) can also serve 
1 5 approximately as a parameter Sx/ y (z). 

If the core is not to be discerned in the shadow images (simple optical 

system), it is possible to deduce the level of the diffusion and thus the 
stretch/compression factor by measuring the splicing temperature (for example 

2 0 directly or indirectly via the brightness of the heated fiber) or from the heating 

temperature set at the splicer. 

Ascertaining the initial field distribution 

2 5 The initial field distribution E 0 ( r ) featuring in the calculation of the 

splice loss corresponds to the spatial dependence, derived from the basic 
distribution n 0 ( r ) of the refractive index for a given wavelength and the associated 
spatial region, of the electric field of a mode that can be propagated in the glass 
fiber (for example fundamental mode LP 0 i of a monomode glass fiber). _Methods 

3 0 for calculating the field distribution from a prescribed spatial distribution of the 

refractive index are known, for example, from Siemens Forschungs- und 
Entvvicklunasbreicht. Vol. 4, No. 3. 1985, Pages 89-96, and Journal of Lightwave 
Technology. Vol 12, No. 3. March 1995. pages 487-4944 ^84. 

35 Calculating the final field distribution 

The initial field distribution E 0 ( r ), assigned to the mode that can be 

propagated, in a first spatial region enclosing the fiber core and situated upstream 

14 
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of the splice is used to calculate the spatial dependence, termed the final field 
distribution E „(r ) below, of the electric field of the mode, propagating from the 
first spatial region via the splice, within a second spatial region situated 
downstream of the splice in the direction of propagation, by means of one of the 
beam propagation methods (BPM) described in IEEE Photonics Technology 
Letters. Vol. 4. No. 2, February 1992. pages 148-1 5 1 ; J ourn al of Lightwave 
Technology, Vol. 10- No. 3. March 1992. pages 295-305; and IEEE Photonics 
Technology Letters. Vol. 5. No. 9. September 1993, Pages 1073-110764 9-444. 

The BPM firstly requires the refractive index distribution at discrete points 

in space, which is subdivided, for example, into cuboids of equal size. _The edge 
length of each cuboid can be 0.5 um, for example, in the z-direction, and 0.25 um 
in the x- and y-direction, in each case (see Fig. figure 9), all the cuboids with the 
same z-coordinate forming a spatial region denoted as a layer. _Each cuboid is 
assumed to be homogeneous with reference to the refractive index, that is to say 
the refractive index does not change inside the respective cuboid. 

Since the distribution of the refractive index cannot be determined from the 

above.described measurements with the accuracy required for the BPM, the 
missing data points are determined by interpolation (for example, using splines). 
This can even be done straight away, since the refractive index changes only very 
little between two points in space which are still just resolved by the imaging 
system. 

If the electric field E 0 (x, y, Zo) (termed E (z 0 ) below) describing a mode 

that can be propagated in the glass fiber and derived from the basic distribution 
n 0 ( r ) is present at the centers of the cuboid end faces of the first layer (symbolized 
by black points in Fig.-figure 9), the BPM uses this initial field distribution and the 
refractive indices of the first layer to calculate the electric field E (x, y, z 0 + Az) 
between the first and second layers and again, therefrom, the electric field E (x, y, 
z 0 + 2Az) between the second and third layers. _If the method is continued 
iteratively, the BPM finally supplies the electric field E n (x, y, z 0 + nAz) (termed 
E (z„) below), representing the final field distribution, at the end surface of the last 
layer. 



Numerous variants of the BPM exist, the desired accuracy, the required 

>mputational outlay and the tolerable computer time determining the selection of 
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the method to be applied. _Thus, the computational outlay and therefore the 

computer time can be reduced for a given computer power 

by using a method operating with the aid of a slowly varying envelope 

5 approximation (splice geometry deviates only negligibly from that of the 
undisturbed fiber), 

by applying a scalar BPM (weak transverse mode coupling), or 

by reducing the three-dimensional distribution of the refractive index, 

for example with the aid of the method of the effective index, to a two-dimensional 
10 problem (simple splice geometry). 

Calculating the splice loss 

The splice loss can be calculated from the initial field distribution E (z 0 ) of 

1 5 the final distribution E (z n ) or the corresponding intensities I(z 0 ) and I(z n ), 
respectively, by means of 



2 0 The above formula assumes that E(z n ) describes a mode that propagates even over 
relatively large distances in the fiber. If the final field distribution E (z n ) also 
includes amounts of modes that cannot propagate, it is necessary at first to 
decompose E (z n ) in accordance with the equation (4), v denoting the order of the 
highest mode that can still propagate, and w denoting the order of the highest mode 

2 5 contained in E (z n ). 



Consequently, the variable 2 E ,(z n ) represents the total field distribution of the 
3 0 modes that can propagate, and £ E j(z n ) represents the total field distribution of the 
modes that cannot propagate, the intensity I(z n ) derived only from S E j(z n ) 
featuring in the calculation of the loss. 

_The determination of the final field distribution from the initial field 

3 5 distribution requires a high computational outlay, and so it is possible, depending 
on the performance of the processor built into the splicer, for a relatively long time 
16 
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to elapse before the splice loss is indicated on the display screen. .This can be 
avoided by no longer calculating the final field distribution directly in the splicer, 
but doing so in advance at the manufacturers. TJiere, the parameters relevant to the 
loss are determined from a large number of recorded splice geometries and the loss 
5 values calculated using a powerful processor. _These parameters need not 

necessarily have a physical analogy (for example core offset, etc). JVIethods for 
determining such parameters are known from statistics or physics by the 
designation of main components or factor analysis or Karhunen-Loeve 
decomposition. _The functional relationship of the parameters with the calculated 
1 0 loss defines a characteristic diagram which is stored in each splicer. _The function 
of the splicer then reduces to using the parameters to classify the splice produced 
and reading of the assigned loss from the characteristic diagram. 
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Patent claims 



A method for determining the loss of a splice 

connecting two optical waveguides by executing the 
5 following steps : 

a-) determining or describing a first spatial 

distribution of the refractive index (n Q 4^ ) ) inside a 
first spatial region, not influenced by the splice, of 
a first optical waveguide, 

10 fe) determining a second spatial distribution (n ( ^^4- 

v of the refractive index in the region of the splice, 

deriving a first field function fr fr-frg gj ) from the 

first spatial distribution (n »4^ ) ) of the refractive 
index, the first field function ir E- M ) describing the 
15 opatial dependence of the electric field of a mode that 
can propagate in the " waveguides , 

calculating a second field function ( ^--fa a ) ) from 

the first field function ( ^--fg& ) ) and the second spatial 
distribution of the refractive index (n ( ^ ) ) , the second 
2 0 field function ) describing the spatial 

dependence of the electric field, the mode propagating 
from the first spatial region via the splice, within .a 
■ occond spatial region, not influenced by the splice, of 
the second optical waveguide - 

2 5 e} calculating a first intensity and a second 

intensity (I(qJ) from the assigned field functions 
4^4s^-K--^-4^ ) ) ; and 

#) calculating the loss (L) of the splice occurring 

as a function of the ratio of the two intensities 

3 0 434*o ) , K^ 44-t- 



Qr-. The method as claimed in cla 

that the loss (L) of the splice i 
accordance with the relationship 
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3^ The method ad claimed in claim 1 or 2 , 

characterized in that the occond opatial diatribution 
-4^4^ ) ) of the refractive index io determined by 
tranavcroc irradiation of the splice with light and 
5 evaluation of the intensity distribution generated 

downstream of the splice in the beam direction, or of 
the shadow image . 



4-. 


The method as 


claimed in claj 
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detector clement (1 G , 17) enclose an angle of 
approximately 00°. 

20 

■S-. The method as claimed in one of claims 3 to 5, 

characterized in that an offset of the center of the 
optically conducting core of the waveguides in the 
region of the splice is determined at least .in a fir; 

25 spatial direction from the shadow image, in that the 
first spatial distribution of the refractive index 
corresponding to the offset of the light conducting 
core is displaced in the corresponding spatial 
direction, and in that the modified first spatial 

3 0 distribution of the refractive index represents the 
second spatial distribution of the refractive index. 

q- The method as claimed in claim G , characterized 

that the offset of the optically conducting core is 
35 derived from the offset of the center line of the ou 
contour of the waveguides in the region of the splic 
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Q-. The method as claimed in one of claimG 3 to 5, 

characterized in that a tapering or expansion of the 
light conducting core of the waveguides in the region 
of the splice is determined at least in a fi r st s patial 
5 direction from the shadow image, — in that the first 
spatial distribution of the refractive index i s 
compressed or stretched in ■ the corresponding spatial 
direction by a factor proportional to the ratio 
. -E€^y (g) ] / Ed^ y-(-ge-H-T--d^y4g ^ denoting the width of the 

10 core at a point g g , not influenced by the splice, of the 
waveguides, and d ^ y(s) denoting the width of the core 
at a point z lying in the region of the splice, and in 
that the correspondingly compressed or elongated first 
spatial distribution of the refractive index represents 

15 the second spatial distribution of the refractive 
index. 



9-. The method as claimed in c 
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region of the splice. 

±0-. The method as claimed in one of claims 3 to 5, 

2 5 characterized in that the brightness of an edge 

delimiting the light guiding core of the cladding of 
the waveguide is of the measured in at least one of the 
two shadow images in the region of the splice and in a 
second region not influenced by the s plice, — in that the 

3 0 first spatial distribution of the refractive index is 

spatially modified in accordance with a factor 
dependent on the measured brightnesses, and in that the 
modified first spatial distribution of the refractive 
- index represents the second spatial distribution of the 
3 5 refractive index. 
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Patent Claims: 

1 1. A method for determining the loss of a splice connecting two optical waveguides by 
executing the following steps: 

a) determining or describing a first spatial distribution of the refractive index 

(no( r )) inside a first spatial region, not influenced by the splice, of a first optical 
waveguide, 

b) determining a second spatial distribution (n( r )) of the refractive index in the 
region of the splice, 

c) deriving a first field function ( E (z 0 )) from the first spatial distribution (n 0 ( r )) of 
the refractive index, the first field function ( E (z 0 )) describing the spatial 
dependence of the electric field of a mode that can propagate in the waveguides, 

d) calculating a second field function ( E (z n )) from the first field function ( E (z 0 )) 
and the second spatial distribution of the refractive index (n( r )), the second field 
function ( E (z n )) describing the spatial dependence of the electric field, the mode 
propagating from the first spatial region via the splice, within a second spatial 
region, not influenced by the splice, of the second optical waveguide, 

e) calculating a first intensity (I(z 0 )) and a second intensity (I(z n )) from the assigned 
field functions ( E (z 0 ), I (z n )), and 

f) calculating the loss (L) of the splice occurring as a function of the ratio of the two 
intensities (I(z 0 ), I(z n ))- 

12. The metho d according to claim 1 1 . wherein as claim e d in claim 11, 



13. The method according to claim 1 1. wherein as claimed in claim 1 1, 
characterized in that the second spatial distribution (n( r )) of the refractive index is 
determined by transverse irradiation of the splice with light and evaluation of the 




-the loss (L) of the splice is calculated in accordance with the 



relationship 
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intensity distribution generated downstream of the splice in the beam direction, or of the 
shadow image. 

14. The method according to claim 12. wherein a s claimed in claim 12, 
characterized in that the second spatial distribution (n( r )) of the refractive index is 
determined by transverse irradiation of the splice with light and evaluation of the 
intensity distribution generated downstream of the splice in the beam direction, or of the 
shadow image. 

15. The method according to claim 13. wherein as claim e d in claim 13, 
c haract e rized in th at the waveguides and the splice are trans-illuminated from two 
directions enclosing an angle of a * 1 80°, and in that the transmitted radiation is 
projected in each case by means of an optical system (13, I A) onto a sensor or detector 
element (16, 17) defining a plane. 

16. The method according to claim 14. wherein as claimed in claim H, 
charact e riz e d in that the waveguides and the splice are trans-illuminated from two 
directions enclosing an angle of a * 1 80°, and in that the transmitted radiation is 
projected in each case by means of an optical system (13, 1 4 ) onto a sensor or detector 
element (16, 17) defining a plane. 

17. The method according to claim 15. wherein as claim e d in claim 15, 
characterized in that the planes respectively defined by the sensor or detector element 
(16, 17) enclose an angle of approximately 90°. 

18. The method according to claim 16. wherein a s claimed in claim 16, 
characterized in that the planes respectively defined by the sensor or detector element 
(16, 17) enclose an angle of approximately 90°. 

19. The method according to claim 13. wherein as claimed in one of claims 13, 
c haract e rized in that an offset of the center of the optically-conducting core of the 
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waveguides in the region of the splice is determined at least in a first spatial direction 
from the shadow image, in that the first spatial distribution of the refractive index 
corresponding to the offset of the light-conducting core is displaced in the corresponding 
spatial direction, and in that the modified first spatial distribution of the refractive index 
represents the second spatial distribution of the refractive index. 

20. The method eis eiakaed m rmc> of rtnimr, 1 4 , characterized in that according to 
claim 14, wherein an offset of the center of the optically-conducting core of the 
waveguides in the region of the splice is determined at least in a first spatial direction 
from the shadow image, in that the first spatial distribution of the refractive index 
corresponding to the offset of the light-conducting core is displaced in the corresponding 
spatial direction, and in that the modified first spatial distribution of the refractive index 
represents the second spatial distribution of the refractive index. 

21. The method according to claim 19. wherein a s claimed in claim 19, 
characterized i n that the offset of the optically-conducting core is derived from the offset 
of the center line of the outer contour of the waveguides in the region of the splice. 

22. The method according to claim 20. wherein as claim e d in claim 20, 
characterized in that the offset of the optically-conducting core is derived from the offset 
of the center line of the outer contour of the waveguides in the region of the splice. 

23. The method according to claim 13. wherein as claim e d in one of claims 13, 
characteriz e d in that a tapering or expansion of the light-conducting core of the 
waveguides in the region of the splice is determined at least in a first spatial direction 
from the shadow image, in that the first spatial distribution of the refractive index is 
compressed or stretched in the corresponding spatial direction by a factor proportional to 
the ratio [d x/y (z)]/[dx/ y (z 0 )], dx/y(z 0 ) denoting the width of the core at a point z 0 , not 
influenced by the splice, of the waveguides, and dx/ y (z) denoting the width of the core at a 
point z lying in the region of the splice, and in that the correspondingly compressed or 
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elongated first spatial distribution of the refractive index represents the second spatial 
distribution of the refractive index. 

24. The method according to claim 14. wherein as claimed in on o of claimo 11, 
characterized in that a tapering or expansion of the light-conducting core of the 
waveguides in the region of the splice is determined at least in a first spatial direction 
from the shadow image, in that the first spatial distribution of the refractive index is 
compressed or stretched in the corresponding spatial direction by a factor proportional to 
the ratio [d x/y (z)]/[d x / y (z 0 )] , dx/ y (z 0 ) denoting the width of the core at a point z 0 , not 
influenced by the splice, of the waveguides, and dx/ y (z) denoting the width of the core at a 
point z lying in the region of the splice, and in that the correspondingly compressed or 
elongated first spatial distribution of the refractive index represents the second spatial 
distribution of the refractive index. 

25. The method according to claim 23. wherein as claimed in claim 23, 
characterized in that the tapering or expansion or of the light-guiding core is derived 
respectively from the tapering or expansion of the outer contour of the waveguides in the 
region of the splice. 

26. The method acording to claim 24, wherein as claim e d in claim 24-, 
characterized in that the tapering or expansion or of the light-guiding core is derived 
respectively from the tapering or expansion of the outer contour of the waveguides in the 
region of the splice. 

27. The method according to claim 13. wherein as claim e d in on e of claimo 13, 
characterized in that the brightness of an edge delimiting the light-guiding core of the 
cladding of the waveguide is of the measured in at least one of the two shadow images in 
the region of the splice and in a second region not influenced by the splice, in that the 
first spatial distribution of the refractive index is spatially modified in accordance with a 
factor dependent on the measured brightnesses, and in that the modified first spatial 
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distribution of the refractive index represents the second spatial distribution of the 
refractive index. 



cladding of the waveguide is of the measured in at least one of the two shadow images in 
the region of the splice and in a second region not influenced by the splice, in that the 
first spatial distribution of the refractive index is spatially modified in accordance with a 
factor dependent on the measured brightnesses, and in that the modified first spatial 
distribution of the refractive index represents the second spatial distribution of the 
refractive index. 




28. The method according to claim 14, wherein as claimed in one of claims 1 4 , 
:erized in that the brightness of an edge delimiting the light-guiding core of the 
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Abstract Of The Invention 

The invention relates to methods for determining; the attenuation of a splice 

connecting two optical waveguides. Methods for assessing the quality of the splice 
provide high precision results only when the dimensions of the light-conducting 
5 fiber, i.e., the spatial distribution of the refractive index which determines the 
attenuation behavior, are used in the calculation of the attenuation. The 
dimensions of the splice are measured in a three-dimensional manner by optical 
systems, and the spatial distribution of the refracti ve index of the splice is derived 
therefrom. The field distribution corresponding to a mode that is capable of 

10 propagating in the fiber is fixed within a first spatial region situated in front of the 
splice in the beam di rection; and the field distribution of this mode is determined 
within a second spatial region situated behind the splice in a beam direction while 
taking into consideration the spatial distribution of the refractive index of the 
splice. The splice attenuation is calculated from the intensity valiies assigned to 

15 both field distributions 
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CALCULATING SPLICE LOSS BY GEOMETRIC MEASUREMENT 

Cross-Reference To Related Applications 
[0001]This application claims the benefit of priority under 35 U.S.C. § 1 19 of German 
Patent Application No. 19927583.1 filed June 16, 1999, and is a national stage filing under 35 
U.S.C. § 371 of PCT Application PCT/DE00/02008, filed June 16, 2000. 

Field of the Invention 

[0002] The invention is directed to optical waveguides, and in particular to methods for 
determining the attenuation of a splice connecting two optical waveguides. The splice 
attenuation is calculated from the intensity values assigned to field distributions, before and 
after the splice, corresponding to a mode that is capable of propagating in the fiber. 

Background of the Invention 
[0003] The method known as "thermal splicing" can be used to interconnect both monomode 
and multimode glass fibers and glass fiber strips in a bonded, low-loss and permanent 
fashion. Since the costs of constructing an optical waveguide cable network are not 
inconsiderably influenced by splicing as a work step that is frequently to be carried out, 
convenient devices which can also be used on site under difficult conditions have been 
developed which execute all the steps required for welding glass fibers in a largely fully 
automatic fashion (see ICCS and Future-Link; catalog 1998; Siemens-Communication-Cable 
Networks; pages 107 - 1 16 ). The loss in the splice junction produced in such a device is a 
function, inter alia, of the exact alignment of the optically conducting fiber cores, the quality 
of the fiber end faces (roughness, angle of fracture, etc) and of the welding parameters 
(welding time, welding current) selected by the operator or described by the respective control 
program. 

[0004] Disturbances in the geometry of the optically conducting fiber core are decisive for the 
magnitude of the loss in the splice produced. In particular, the loss caused by a core offset, 
bending of the core or widening or tapering of the core can be determined, for example, by 
means of a transmission measurement and the use of a bending coupler (LID system) installed 
in the splicer. In this case, light is coupled into the glass fiber upstream of the splice point, 
and coupled out again downstream of the splice point. The intensity of the light transmitted 
from one glass fiber into the other glass fiber via the splice is then a measure of the loss. This 
measurement method cannot be applied, however, when an excessively thick or dark-colored 
fiber coating prevents light from being coupled into and out of the fiber core. 
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[0005] The method disclosed in EP 0 326 988 Bl for determining the splice loss is based on 
the optical detection of the core offset, the oblique position of the fiber cores and the core 
bending in the region of the splice point. An empirically determined formula describes the 
functional dependence of the loss on the said parameters. Since the method does not require 
light to be coupled into and out of the fiber core, it can always be applied independently of 
the light-passing capability of the fiber coating. However, it supplies reliable loss values only 
when the previously named parameters alone determine the loss of the splice. However, this 
is not always the case, particularly with wrongly set welding parameters or high losses. 

Summary of The Invention 
[0006] The invention is directed to a method for determining the loss in a splice connecting 
two optical waveguides. The term "splice" in this case denotes that bonded connection, in 
particular produced by thermal fusing/welding, between at least two optically conducting 
structures or elements, that is to say, in particular, the connection between glass fibers, glass 
fiber strips/ glass fiber bundles or the connection between a glass fiber or a glass fiber strip 
and an active or passive optical component. 

Brief Description Of The Drawings 
[0007] The invention is explained in more detail below with the aid of drawings, in which: 
[0008] Fig. 1 shows the schematic structure of a modern thermal splicer operating largely 
fully automatically. 

[0009] Fig. 2 illustrates the relative position of the ends of two optical fibers that are to be 
connected: 

a) after being brought together and coarsely positioned; 

b) after being aligned with reference to their outer contours, and 

c) after being aligned with reference to their optically conducting fiber cores; 
[001 0]Fig. 3 shows the schematic structure of a glass fiber, and the profile n(r) of the 
refractive index in the plane oriented perpendicular to the fiber longitudinal axis. 
[001 1] Fig. 4 illustrates the intensity distribution ("shadow image" of the glass fiber) 
produced in the case of transverse transillumination of a glass fiber, by means of an imaging 
optical system in the sensor plane of a CCD camera. 

[001 2] Fig. 5 illustrates the shadow image of the glass fiber whose core has a lateral offset in 
the region of the splice. 

[001 3] Fig. 6 illustrates the shadow image of a glass fiber whose core is bent in the region of 
the splice. 
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[001 4] Fig. 7 illustrates the shadow image of a glass fiber whose core is 
expanded/compressed in the region of the splice. 

[001 5] Fig. 8 illustrates the shadow image of a glass fiber in the case of which, because of the 
diffusion of the dopant atoms, the pair of lines defining the core exhibit a lesser brightness or 
a lesser contrast in the region of the splice than outside the heating zone. 
[001 6] Fig. 9 illustrates the subdivision into cuboids and layers of the space on which the 
method of field calculation is based and containing the fiber core. 

Detailed Description of The Invention 
[001 7] The method is intended to enable the user to determine the loss in the splice produced, 
doing so with high accuracy while taking account of all the parameters substantially 
influencing the loss. This object is achieved by means of a method having the features 
specified in patent claim 1. The dependent claims relate to advantageous embodiments and 
developments of the method. 

[001 8] The proposed method can be applied straight away in a modern splicer, since all that 
is needed is to adapt its software appropriately. The method is distinguished, furthermore, by 
the following properties: 

• the achievable accuracy of the determination of loss is limited essentially only by 
the quality of the optical system serving to visualize the fiber core and the performance of the 
processor executing the field calculation; 

• the loss in the splice can be determined as a function of direction; 

• comparatively thick and/or darkly colored fiber coatings cannot impair the 
measurement; 

• the splice loss can be calculated for any desired operating wavelength, and 

• the method permits simple adaptation to the respective requirements (for example 
high accuracy, fast measurement). 

[0019]The splicer illustrated only schematically in Fig. 1 permits optical fibers to be welded 
in a largely fully automatic fashion. The bonded connection of the optical fibers that is 
produced with the aid of an arc (electric glow discharge) struck between two electrodes, 
which is denoted below as "splice" for short, is free of inclusions, the loss caused by the 
splice being on average approximately L = 0.02 -0.03 dB (identical standard monomode glass 
fibers). 

[0020] The connection of the monomode or multimode glass fibers consisting in each case of 
a core (refractive index n^re), a cladding (refractive index nodding < rw) and a coating of one 
or more layers is usually performed by executing the following method steps: 
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a) preparing the fiber ends 1/2, that is to say carefully removing the fiber coating, 
cleaning the fiber ends 1/2 and breaking the fibers in such a way that the fiber end faces are 
orientated approximately perpendicular to the fiber longitudinal axis (angle of fracture < 0.8°; 
typically 0.5°); 

b) fixing the fiber ends 1/2 in the holders of the splicer; 

c) bringing the fiber ends 1/2 together and aligning them by means of high-precision 
positioning units 3/4/5 by using the LID system 6/7 (Local Injection and Detection) and/or by 
video image evaluation; 

d) cleaning the fiber end faces by briefly heating the fiber ends 1/2; 

e) feeding the fiber ends 1/2 and fusing them by striking an electric arc between two 
electrodes 8/9 arranged in the region of the fiber ends 1/2, and 

f) checking the quality of the splice (measuring the splice loss, checking the tensile 
strength). 

[0021] Whereas the method steps a) and b) must be executed by the operator, that is to say 
still have to be done manually, the method steps specified under c) to f) and mentioned 
further in Catalog 1998 cited above, in particular the determination of the angle of fracture, 
the quality and the level of contamination of the fiber end faces run under program control in 
the splicer. 

[0022] Referring now to Fig. 1, the splicer is equipped with the following components and 
elements in order to carry out these method steps: 

• three positioning units 3, 4, and 5 for independently displacing the fiber ends 1/2, 
respectively guided in V grooves, in three orthogonal spatial directions (x-, y- and z-axis = 
fiber longitudinal axis), 

• a control unit 10 for driving the actuating elements (positioning motors, 
piezoelectric actuators) of the positioning units 3, 4 and 5, 

• a transmission measuring device consisting of an optical transmitter 6 (light- 
emitting diode, bending coupler) and an optical receiver 7 (bending coupler, photodiode, 
amplifier) (LID system, see Catalog 1998 cited above), 

• two optical systems for projecting the outer contours or the profile of the two fiber 
ends 1/2 into two planes (x/z- or y/z-plane) orientated orthogonally relative to one another, 
the optical systems respectively have a light source 1 1/12 (light-emitting diode), an imaging 
optical system 13/14 and a CCD camera 16/17 which is connected to the video evaluating 
unit 15 and defines the x/z or the y/z sensor plane, 

• a heat source for heating the fiber ends 1/2 to the melting temperature, situated in 
the region between approximately 1600-2000°C, the supply of heat being performed in the 
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exemplary embodiment shown by means of a glow discharge produced between two 
electrodes 8/9 and controlled by the unit 18, 

• a central controller 19 which is connected on the input side to the video evaluating 
unit 15 and executes and monitors all the steps required for splicing in accordance with the 
selected program, and 

• an LCD monitor (not illustrated). 

[0023] After the glass fibers have been inserted into the holder of the splicer, their ends 1/2 
are not generally aligned opposite one another. As illustrated in Fig. 2 schematically in side 
view, both the outer contours of the fiber ends 1/2 and the fiber cores C1/C2 then do not 
necessarily exhibit a transverse offset 8 k or 8 C of the same size. The offset 5 k of the outer 
contours is now measured by evaluating the projections, recorded with the aid of the two 
CCD cameras 16/17, of the fiber ends 1/2 in the x/z-plane or the y/z-plane. Subsequently, the 
fiber ends 1/2 are displaced with the aid of the first positioning units 3, 4 and 5 , driven with 
the aid of the control unit 10, in a transverse direction, that is to say in the direction of the x- 
and y-axes until the outer contours of the fiber ends 1/2 are aligned, their transverse offset S k 
thus vanishing at least approximately (8 kx * 8 ky » 0) both in the x- and in the y-directions. 
After this alignment, referred to as fine positioning, the fiber ends 1/2 are situated opposite 
one another, as illustrated in Fig. 2b. The core offset S c , caused by the eccentric position of 
the fiber cores C1/C2, which is still present is clearly to be seen. 

[0024] In order to produce a splice with the lowest possible loss, the fiber ends 1/2 must 
therefore further be aligned with regard to their cores C1/C2, that is to say the core offset 5 C 
must be removed or at least minimized. This is performed by using the LID system, which 
feeds the JR radiation, emitted by a light-emitting diode on the transmitter 6, of wavelength 
800 nm < X < 1600 ran, in particular X = 1300 nm or X = 1550 nm, into the left-hand glass 
fiber via the assigned bending coupler, and measures the intensity of the radiation, coupled 
from the left-hand fiber end 1 into the right-hand fiber end 2, by means of the optical receiver, 
consisting of a second bending coupler and a photodiode amplifier unit. The fiber ends 1/2 
are displaced in this case in the transverse direction until the radiation intensity measured in 
the optical receiver 7 of the LID system reaches a maximum, the fiber ends 1/2 thereby 
assuming the position illustrated in Fig. 2c (fiber cores C1/C2 in line and aligned in parallel 
with the z-axis; small contour offset corresponding to the corrected core offset 8 C ). 
[0025] Subsequently, the fiber ends 1/2 are heated by striking the electric arc between the 
electrodes 8/9, brought together and fused with one another. During this process, the LID 
system 6/7 continuously measures the light transmission via the splice point. If the intensity 
measured in the optical receiver 7 reaches a maximum, the optimum welding period is 
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reached and the welding operation is automatically terminated. By applying this technique, 
referred to as automatic fusion time control, it is possible largely to compensate the effects 
caused by the state of the electrodes 8/9 (non-optimum spacing, wear, etc) and/or by 
environmental influences (moisture, air pressure, temperature), and which lead to a rise in 
splice loss. 

[0026] Despite every care taken and the precision exercised during the preparation, alignment 
and bringing together of the glass fibers 1/2, as a rule it is not possible to completely to avoid 
a residual offset of the fiber cores C1/C2, oblique positioning of the fiber longitudinal axes 
and/or of the fiber end faces, as well as an overtravel (the incipiently fused fiber ends are 
brought together and pushed into one another beyond the permissible extent). Depending on 
the extent/magnitude of these "faulty positions", it follows that in the region of the splice 
produced the geometry of the fiber core C1/C2 deviates more or less strongly from that of the 
undisturbed fiber. Since it is essentially only the fiber core that transports the light, 
disturbances in the core geometry in the region of the splice are chiefly responsible for the 
increase in the loss. Thus, methods for determining the quality of a splice can therefore 
supply results of high precision only when the core geometry, that is to say the spatial 
distribution of the refractive index n( r ) determining the loss response, at the splice point 
features in the calculation of the loss. 

[0027] In the method of the invention, the splice geometry is detected in three dimensions by 
means of the optical systems 11-17 present in the splicer and therefrom the spatial 
distribution n( r ) of the refractive index that exactly describes the splice and its properties 
(that is to say also the loss) is derived. In detail, the determination of the splice loss requires 
the execution of the following steps, explained below in more detail: 

• determining the splice geometry in three dimensions and calculating the spatial 
distribution n( r ) of the refractive index; 

• ascertaining the field distribution ("initial field distribution" E (z 0 )) of a mode that can be 
propagated in the glass fiber (corresponding, for example, to the fundamental mode LP 0 i in 
what is termed a monomode glass fiber) inside a spatial region situated upstream/downstream 
of the splice in the beam direction; 

• calculating the field distribution ("final field distribution" E (z n )) of this mode 
inside a spatial region situated downstream of the splice in the beam direction, and 

• calculating the loss in the splice from the intensity values assigned to the two field 
distributions. 



6 



Clean Version of Amended Application 

SIO 1-030 

Detecting the splice geometry in three dimensions 

[0028] Referring now to Fig. 3, a glass fiber serving to transport electromagnetic radiation 
and denoted in figure 3 by 20 consists, for example, of a Ge-doped Si0 2 core 21 (rw = 1.48), 
and Si0 2 cladding 22 (nci addill g = 1.46) concentrically sheathing the core 21, and of a plastic 
coating 23 that protects a core 21 and cladding 22 against external mechanical, thermal and 
chemical actions and is usually of colored finish and, if appropriate, also provided with a ring 
marking. In the case of a monomode glass fiber 20, the core glass diameter is typically 
<|w = 9 um, while the cladding glass diameter is typically padding = 125 urn. 
[0029] Since the concentration of the dopant in the glass fiber 20 has a constant value on the 
fiber longitudinal axis OA, and exhibits in the plane orthogonal thereto, for example, the 
profile illustrated in the right-hand part of Fig. 3, the spatial distribution of the refractive 
index n( r ) is also radially symmetrical with reference to the fiber longitudinal axis OA 
(n( r ) = n(r,z=z 0 )). Because of the already mentioned effects (offset of the fiber core, oblique 
position of the fiber end faces, etc before the splicing), the spatial distribution of the refractive 
index n( r ) in the region of the splice can differ substantially in some circumstances from the 
refractive index distribution no( r ) of the undisturbed glass fiber. As already explained, it is 
essentially only the deformation of the optically conducting regions, that is to say the fiber 
core 21, that is responsible for the loss in intensity at the splice point. Consequently, to 
calculate the loss it suffices to know the spatial distribution n( r ) of the refractive index 
inside a volume containing the core 21 and extending, for example, only 20 - 40 urn in the 
transverse direction (x/y-plane). 

Recording images of the splice 

[0030] Fig. 4 shows the intensity distribution generated by the imaging optical system 14 on 
the sensor surface 17', defining the x/z-plane, of the CCD camera 17, when a glass fiber 20 
stripped of its protective coating 22 is trans-illuminated by activating the light source 12 in 
the transverse direction (x-direction). Clearly in evidence are the outer contours 22* (outer 
edge of the fiber cladding 22) of the glass fiber 20, the two dark zones 24/24' caused by the 
cylinder lens effect, and the image of the fiber core 21 (pair of lines 21'). A corresponding 
shadow image is produced by the system, comprising the light source 1 1 and the imaging 
optical system 13, on the sensor surface, defining the x/z-plane, of the CCD camera 16. The 
two intensity distributions are fed via the video evaluating unit 15 to the controller 19, which 
is equipped with a powerful microprocessor, and stored there in digital form. 



7 



Clean Version of Amended Application 

SI01-030 

Direct calculation of distribution n( T ) of the refractive index from the image of the splice 
[0031] If the optical systems of the splicer have a sufficiently high resolution, the spatial 
distribution of the refractive index n( r ) can be calculated directly from the recorded images, 
for example with the aid of the method described by D. Marcuse, "Principles of optical fiber 
measurement", Academic Press, 1981 [ISBN 0-12-470980-X], pages 150-165. This does not 
require any additional information, and the distribution of the refractive index has not to be 
standardized in some way. There are, however, the disadvantages of the necessary imaging 
optical system, which meets high demands and is therefore, comparatively expensive, and of 
the expenditure, additionally required in the case of some methods, for generating 
interference images. 

Deriving the distribution of the refractive index u( t J from a basic distribution ng( rj 
[0032] In order to determine the spatial distribution of the refractive index n( r ) in the region 
of the splice, what is termed a basic distribution n 0 ( r ) of the refractive index is modified by 
means of suitable parameters obtained from the recorded images of the splice. The spatial 
distribution of the refractive index in the undisturbed glass fiber serves, in particular, as basic 
distribution n 0 ( r ). Said undisturbed glass fiber is known in the case of use of specific types 
of glass fibers (standard fiber, dispersion-shifted fiber, erbium-doped fiber, etc), or it can be 
taken from the data sheet or supplied by the manufacturer upon request. If appropriate 
information is not available, the distribution n 0 ( r ) of the refractive index of the undisturbed 
fiber can be determined experimentally, for example by means of the method described by 
H.-G. Unger, "Optische Nachrichtentechnik", Huthig, 1998 [ISBN 3-7785-22261-2], pages 
648-671. 

[0033] It is advantageous in practice for the spatial distribution, serving as basic distribution 
n 0 ( r ), of the refractive index of the undisturbed fiber to be determined in advance for the 
different, frequently used fiber types and to be stored in the splicer, if appropriate in 
parametric form. Since the glass fibers used in telecommunication are for the most part 
designed to be homogeneous in the direction of their longitudinal axis OA and to be 
rotationally symmetrical with reference to this axis OA, the distribution of the refractive 
index also has a corresponding symmetry, that is to say what is termed the refractive index 
profile n(r, z 0 ) (r: lateral distance from the fiber longitudinal axis OA) describes the 
distribution of the refractive index completely. 

[0034] The following examples explain the steps required to determine the distribution n( r ), 
featuring in the calculation of the loss, in the region of the splice by modifying a basic 
distribution n 0 (r). For the sake of clarity, the effects and mechanisms which act to increase 
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loss and occur in practice simultaneously for the most part, are illustrated separately. The 
distribution m.i( r ), determined for a wavelength XI, of the refractive index can be converted 
in this case with the aid of what is termed the Sellmaier series (for example, see Electronic 
Letters, Vol. 14, No. 1 1, May 1978, pages 326-328 ) into the corresponding distribution 
n* 2 ( r ) in the case of another wavelength XI. 

Offset of the fiber cores 

[0035] In the ideal state, the core and cladding of the two interconnected glass fibers have the 
same axes of symmetry, which coincide with the z-axis, in the region of the splice, as well. 
However, because of incorrect positioning of at least one of the two glass fibers in advance of 
fusing (null alignment), offsetting of the cores which disturbs the light propagation and 
increases the loss occurs in the region of the splice point 25 (see Fig. 5). Consequently, in the 
intensity distributions produced by the imaging optical systems 13/14 on the sensor surfaces 
of the CCD cameras 16/17, respectively, of the splice point there is to be observed a lateral 
displacement, proportional to the offset, of the pairs of lines 21721", representing the 
respective cores, with reference to the z-axis, the curve describing the lateral distance Xm/y m 
of the core centers from the z-axis showing the stepped profile illustrated schematically in the 
right-hand upper part of Fig. 5. 

[0036] If the spatial distribution n 0 ( r ) of the refractive index of the undisturbed glass fiber 
(basic distribution) in a transverse direction has, for example, a stepped profile illustrated in 
the lower part of Fig. 4, the refractive index distribution n( r ) being sought, which 
approximates the real conditions, is calculated by modifying the basic distribution n 0 ( r ) in 
accordance with Equation (1). 

n(r,z) = n 0 (r' + Ar, z) (1) 

wherein 

Ar 2 = x m 2 (z) + y m 2 (z) 

x m is the lateral displacement of the core center in the x/z-plane, and 
y m is the lateral displacement of the core center in the y/z-plane 

The refractive index profile therefore changes on the z-axis in accordance with the right-hand 
lower part of Fig. 5. 

[0037] The offset of the pair of lines 21721" representing the fiber core 21 with reference to a 
reference position situated preferably at the left-hand or right-hand edge of the image is 
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measured in order to extract with high accuracy from the images the lateral distances 
x m (z)/y m (z) of the fiber center from the z-axis illustrated in the shadow image. The 
correlation method described by W. Lieber, "Verfahren zur Ausrichtung zweiter 
Lichtwellenleiter-Faserenden und Einrichtung zur Durchfuhrung des Verfahrens" [Method for 
aligning two optical waveguide fiber ends and device for carrying out the method.], EP 
Application No. 90109388, 17.05.1990, for example, can be applied for this purpose. 

[0038] If the optical system of the splicer does not permit images/visualization of the fiber 
core 21, it can be assumed in a first approximation that the core 21 does not significantly 
change its position relative to the outer contour of the fiber during fusing. The lateral 
distance of the middle of the core from the z-axis illustrated in the shadow image then 
approximately corresponds to the lateral distance of the center of the fiber outer contour 22' 
from this axis. 

Bending of the fiber core 

[0039] Bending of the fiber core in the region of the splice comes about, for example, 
because of the eccentric position of at least one of the two cores inside the respective glass 
fiber and/or the nonparallelism of the mutually opposite fiber end faces in advance of fusing. 
The two imaging optical systems 13/14 of the splicer then respectively generate a shadow 
image of the splice which is illustrated schematically in the left-hand part of Fig. 6. Outside 
the heating zone 26, the center of the fiber core is to be situated below on the z-axis, but to be 
offset in the middle 25 of the splice by Ax(z s ) or Ay(z s ) in the lateral direction. The lateral 
distance Ax(z)/Ay(z) of the core center therefore changes on the z-axis in accordance with the 
function that is illustrated in the right-hand upper part of Fig. 6 and passes through a 
minimum in the middle 25 of the splice (coordinate z s ). 

[0040] In order to obtain the spatial distribution, approximated to the real conditions, of the 
refractive index in the region of the splice, the basic distribution n 0 (r) is displaced in the 
lateral direction in accordance with the measured lateral distance Ax(z)/Ay(z) of the core 
center from the z-axis. The right-hand lower part of figure 6 shows the profiles n(r,z) of the 
refractive index that are assigned to the various z-values. 

Change in the cross section of the fiber core 

[0041] If the two glass fibers to be connected are compressed or drawn apart from one 
another during the splicing operation, this produces an expansion or tapering of the fiber core 
and the outer contour in the region of the splice, something which influences the loss. In the 
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shadow image of the splice that is produced (see Fig. 7), the lines 21' which delimit the fiber 
core from the fiber cladding and run outside the splice point approximately parallel to the z- 
axis then exhibit a distance from one another which is increased/reduced by comparison with 
the undisturbed regions situated at the edge of the image. T he right-hand upper part of Fig. 7 
shows the functional dependence of the widening Adx/ y of the core diameter along the z-axis. 
The width dx/ y (z s ) of the core is greatest in the middle 25 of the splice. The ratio Vx/ y (z) given 
by Equation 2 

Vx/ y (z): = [d x/y (z)]/[d x/y (z 0 )] (2) 

dx/ y (z), the spacing of the pair of lines 21' at a point z in the region of the splice, and dx/ y (z 0 ), 
the spacing of the pair of lines 21' at a point z 0 outside the heating zone, 
therefore defines a measure of the change in cross section of the fiber core. 
[0042] In order to obtain the distribution of the refractive index at the splice point, the basic 
distribution n 0 (r) is compressed or stretched in accordance with the ratio Vx/ y (z) in the x/y- 
plane, such that, for example, the refractive index profile illustrated schematically in the 
right-hand lower part of Fig. 7 is obtained at different points on the z-axis. 
[0043] If no high quality imaging system is available (core not visible in the shadow image), 
the change in cross section of the fiber core can be equated at least approximately to the 
change in cross section of the outer contour (not illustrated in Fig. 7). It therefore suffices to 
measure the fiber outer contours 22' in the respective shadow image, in order to determine the 
compression or expansion factor Vx/ y (z) that can be applied to the basic distribution. 

Diffusion of the dopant in the region of the splice 

[0044] During the heating of the glass fibers in the arc, the dopant responsible for the 
different refractive indices of core and cladding begin to migrate in the direction prescribed 
by the gradient of the concentration, that is to say chiefly in the lateral direction outward into 
the cladding. This process leads to a change in the refractive index profile that influences the 
loss. 

[0045] Since the concentration of the dopant at the core/cladding boundary decreases as a 
consequence of the diffusion, the image contrast is reduced at the splice point, that is to say 
the pair of lines 21' representing the fiber core appear to be less dark in the shadow image 
produced, in particular in the middle 25 of the splice, than outside the heating zone 26, for 
example (see figure 8). The change Apx/ y , caused by diffusion, in the dopant concentration on 
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the z-axis thereby approximately follows the bell-shaped curve illustrated in the right-hand 
upper part of Fig. 8. 

[0046] In order to obtain the distribution of the refractive index n(r,z) at the splice, the basic 
distribution n 0 (r,z 0 ) is compressed or stretched in the lateral direction with the aid of a 
parameter Sx/ y (z) = f(Kx/ y (z)) dependent on the ratio 

Kx/yCzJ^Hx/^/Hx/yCzo) (3) 

Hx/yCz): brightness/intensity of the core boundary at a point z in the region of the splice 
Hx/y(z 0 ): brightness/intensity of the core boundary at a point z 0 outside the heating 

zone, 

such that the distribution n(r) being sought exhibits the profile, illustrated in the right-hand 
lower part of figure 8, on the z-axis. The ratio Kx/ y (z) can also serve approximately as a 
parameter Sx/ y (z). 

[0047] If the core is not to be discerned in the shadow images (simple optical system), it is 
possible to deduce the level of the diffusion and thus the stretch/compression factor by 
measuring the splicing temperature (for example directly or indirectly via the brightness of 
the heated fiber) or from the heating temperature set at the splicer. 

Ascertaining the initial field distribution 

[0048] The initial field distribution E 0 ( r ) featuring in the calculation of the splice loss 
corresponds to the spatial dependence, derived from the basic distribution n 0 ( r ) of the 
refractive index for a given wavelength and the associated spatial region, of the electric field 
of a mode that can be propagated in the glass fiber (for example fundamental mode LP 0 i of a 
monomode glass fiber). Methods for calculating the field distribution from a prescribed 
spatial distribution of the refractive index are known, for example, from Siemens Forschungs- 
und Entwicklungsbreicht, Vol. 4, No. 3, 1985, Pages 89-96, and Journal of Lightwave 
Technology, Vol. 12, No. 3, March 1995, pages 487-494. 

Calculating the final field distribution 

[0049] The initial field distribution E 0 ( r ), assigned to the mode that can be propagated, in a 
first spatial region enclosing the fiber core and situated upstream of the splice is used to 
calculate the spatial dependence, termed the final field distribution E„(f) below, of the 
electric field of the mode, propagating from the first spatial region via the splice, within a 
second spatial region situated downstream of the splice in the direction of propagation, by 
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means of one of the beam propagation methods (BPM) described in IEEE Photonics 
Technology Letters, Vol. 4, No. 2, February 1992, pages 148-151; Journal of Lightwave 
Technology, Vol. 10, No. 3, March 1992, pages 295-305; and IEEE Photonics Technology 
Letters, Vol. 5, No. 9, September 1993, Pages 1073-11076. 

[0050] The BPM firstly requires the refractive index distribution at discrete points in space, 
which is subdivided, for example, into cuboids of equal size. The edge length of each cuboid 
can be 0.5 pm, for example, in the z-direction, and 0.25 pm in the x- and y-direction, in each 
case (see Fig. 9), all the cuboids with the same z-coordinate forming a spatial region denoted 
as a layer. Each cuboid is assumed to be homogeneous with reference to the refractive index, 
that is to say the refractive index does not change inside the respective cuboid. 
[0051] Since the distribution of the refractive index cannot be determined from the above 
described measurements with the accuracy required for the BPM, the missing data points are 
determined by interpolation (for example, using splines). This can even be done straight 
away, since the refractive index changes only very little between two points in space which 
are still just resolved by the imaging system. 

[0052] If the electric field E 0 (x, y, z 0 ) (termed E (z 0 ) below) describing a mode that can be 
propagated in the glass fiber and derived from the basic distribution n 0 ( r ) is present at the 
centers of the cuboid end faces of the first layer (symbolized by black points in Fig. 9), the 
BPM uses this initial field distribution and the refractive indices of the first layer to calculate 
the electric field E (x, y, z 0 + Az) between the first and second layers and again, therefrom, 
the electric field E (x, y, z 0 + 2Az) between the second and third layers. If the method is 
continued iteratively, the BPM finally supplies the electric field E „(x, y, z 0 + nAz) (termed 
E (z n ) below), representing the final field distribution, at the end surface of the last layer. 
[0053] Numerous variants of the BPM exist, the desired accuracy, the required computational 
outlay and the tolerable computer time determining the selection of the method to be applied. 
Thus, the computational outlay and therefore the computer time can be reduced for a given 
computer power 

• by using a method operating with the aid of a slowly varying envelope 
approximation (splice geometry deviates only negligibly from that of the undisturbed fiber), 

• by applying a scalar BPM (weak transverse mode coupling), or 

• by reducing the three-dimensional distribution of the refractive index, for example 
with the aid of the method of the effective index, to a two-dimensional problem (simple 
splice geometry). 
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Calculating the splice loss 

[0054] The splice loss can be calculated from the initial field distribution E (z 0 ) of the final 
distribution E (z n ) or the corresponding intensities I(z 0 ) and I(z n ), respectively, by means of 



The above formula assumes that E(z n ) describes a mode that propagates even over relatively 
large distances in the fiber. If the final field distribution E (z n ) also includes amounts of 
modes that cannot propagate, it is necessary at first to decompose E (z„) in accordance with 
the equation (4), v denoting the order of the highest mode that can still propagate, and w 
denoting the order of the highest mode contained in E (z n ). 



Consequently, the variable S E j(z n ) represents the total field distribution of the modes that 
can propagate, and Z E j(z n ) represents the total field distribution of the modes that cannot 
propagate, the intensity I(z n ) derived only from EE j(z n ) featuring in the calculation of the 
loss. 

[0055] The determination of the final field distribution from the initial field distribution 
requires a high computational outlay, and so it is possible, depending on the performance of 
the processor built into the splicer, for a relatively long time to elapse before the splice loss is 
indicated on the display screen. This can be avoided by no longer calculating the final field 
distribution directly in the splicer, but doing so in advance at the manufacturers. T here, the 
parameters relevant to the loss are determined from a large number of recorded splice 
geometries and the loss values calculated using a powerful processor. These parameters need 
not necessarily have a physical analogy (for example core offset, etc). Methods for 
determining such parameters are known from statistics or physics by the designation of main 
components or factor analysis or Karhunen-Loeve decomposition. The functional 
relationship of the parameters with the calculated loss defines a characteristic diagram which 
is stored in each splicer. The function of the splicer then reduces to using the parameters to 
classify the splice produced and reading of the assigned loss from the characteristic diagram. 




(4) 



(5) 
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Patent Claims: 

11. A method for determining the loss of a splice connecting two optical waveguides by 
executing the following steps: 

a) determining or describing a first spatial distribution of the refractive index (no(r )) 
inside a first spatial region, not influenced by the splice, of a first optical waveguide, 

b) determining a second spatial distribution (n( r )) of the refractive index in the region 
of the splice, 

c) deriving a first field function ( E (z 0 )) from the first spatial distribution (n 0 ( r )) of the 
refractive index, the first field function (E(z 0 )) describing the spatial dependence of 
the electric field of a mode that can propagate in the waveguides, 

d) calculating a second field function (E(z n )) from the first field function (E(z 0 )) and 
the second spatial distribution of the refractive index (n( r )), the second field function 
(E (z n )) describing the spatial dependence of the electric field, the mode propagating 
from the first spatial region via the splice, within a second spatial region, not 
influenced by the splice, of the second optical waveguide, 

e) calculating a first intensity (I(z 0 )) and a second intensity (I(z n )) from the assigned field 
functions ( E (z 0 ), E (z n )), and 

f) calculating the loss (L) of the splice occurring as a function of the ratio of the two 
intensities (I(z 0 ), I(z n )). 

12. The method according to claim 11, wherein the loss (L) of the splice is calculated 
in accordance with the relationship 



13. The method according to claim 11, wherein the second spatial distribution (n( r )) 
of the refractive index is determined by transverse irradiation of the splice with light and 
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evaluation of the intensity distribution generated downstream of the splice in the beam 
direction, or of the shadow image. 

14. The method according to claim 12, wherein the second spatial distribution (n( r )) 
of the refractive index is determined by transverse irradiation of the splice with light and 
evaluation of the intensity distribution generated downstream of the splice in the beam 
direction, or of the shadow image. 

15. The method according to claim 13, wherein the waveguides and the splice are 
trans-illuminated from two directions enclosing an angle of a * 1 80°, and in that the 
transmitted radiation is projected in each case by means of an optical system onto a sensor or 
detector element defining a plane. 

16. The method according to claim 14, wherein the waveguides and the splice are 
trans-illuminated from two directions enclosing an angle of a * 1 80°, and in that the 
transmitted radiation is projected in each case by means of an optical system onto a sensor or 
detector element defining a plane. 

17. The method according to claim 15, wherein the planes respectively defined by the 
sensor or detector element enclose an angle of approximately 90°. 

18. The method according to claim 16, wherein the planes respectively defined by the 
sensor or detector element (16, 17) enclose an angle of approximately 90°. 

19. The method according to claim 13, wherein an offset of the center of the 
optically-conducting core of the waveguides in the region of the splice is determined at least 
in a first spatial direction from the shadow image, in that the first spatial distribution of the 
refractive index corresponding to the offset of the light-conducting core is displaced in the 
corresponding spatial direction, and the modified first spatial distribution of the refractive 
index represents the second spatial distribution of the refractive index. 

16 
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20. The method according to claim 14, wherein an offset of the center of the 
optically-conducting core of the waveguides in the region of the splice is determined at least 
in a first spatial direction from the shadow image, in that the first spatial distribution of the 
refractive index corresponding to the offset of the light-conducting core is displaced in the 
corresponding spatial direction, and in that the modified first spatial distribution of the 
refractive index represents the second spatial distribution of the refractive index. 

21. The method according to claim 19, wherein the offset of the optically-conducting 
core is derived from the offset of the center line of the outer contour of the waveguides in the 
region of the splice. 

22. The method according to claim 20, wherein the offset of the optically-conducting 
core is derived from the offset of the center line of the outer contour of the waveguides in the 
region of the splice. 

23. The method according to claim 13, wherein a tapering or expansion of the light- 
conducting core of the waveguides in the region of the splice is determined at least in a first 
spatial direction from the shadow image, in that the first spatial distribution of the refractive 
index is compressed or stretched in the corresponding spatial direction by a factor 
proportional to the ratio [d x/y (z)]/[d x / y (z 0 )], dx/ y (z 0 ) denoting the width of the core at a point z 0 , 
not influenced by the splice, of the waveguides, and dx/ y (z) denoting the width of the core at a 
point z lying in the region of the splice, and in that the correspondingly compressed or 
elongated first spatial distribution of the refractive index represents the second spatial 
distribution of the refractive index. 

24. The method according to claim 14, wherein a tapering or expansion of the light- 
conducting core of the waveguides in the region of the splice is determined at least in a first 
spatial direction from the shadow image, in that the first spatial distribution of the refractive 
index is compressed or stretched in the corresponding spatial direction by a factor 
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proportional to the ratio [d x / y (z)]/[d x/y (z 0 )], d x/y (z 0 ) denoting the width of the core at a point z 0 , 
not influenced by the splice, of the waveguides, and dx/ y (z) denoting the width of the core at a 
point z lying in the region of the splice, and in that the correspondingly compressed or 
elongated first spatial distribution of the refractive index represents the second spatial 
distribution of the refractive index. 

25. The method according to claim 23, wherein the tapering or expansion or of the 
light-guiding core is derived respectively from the tapering or expansion of the outer contour 
of the waveguides in the region of the splice. 

26. The method according to claim 24, wherein the tapering or expansion or of the 
light-guiding core is derived respectively from the tapering or expansion of the outer contour 
of the waveguides in the region of the splice. 

27. The method according to claim 13, wherein the brightness of an edge delimiting 
the light-guiding core of the cladding of the waveguide is of the measured in at least one of 
the two shadow images in the region of the splice and in a second region not influenced by 
the splice, in that the first spatial distribution of the refractive index is spatially modified in 
accordance with a factor dependent on the measured brightnesses, and in that the modified 
first spatial distribution of the refractive index represents the second spatial distribution of the 
refractive index. 

28. The method according to claim 14, wherein the brightness of an edge delimiting 
the light-guiding core of the cladding of the waveguide is of the measured in at least one of 
the two shadow images in the region of the splice and in a second region not influenced by 
the splice, in that the first spatial distribution of the refractive index is spatially modified in 
accordance with a factor dependent on the measured brightnesses, and in that the modified 
first spatial distribution of the refractive index represents the second spatial distribution of the 
refractive index. 
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Abstract of the Invention 
The invention relates to methods for determining the attenuation of a splice 
connecting two optical waveguides. Methods for assessing the quality of the splice provide 
high precision results only when the dimensions of the light-conducting fiber, i.e., the spatial 
distribution of the refractive index which determines the attenuation behavior, are used in the 
calculation of the attenuation. The dimensions of the splice are measured in a three- 
dimensional manner by optical systems, and the spatial distribution of the refractive index of 
the splice is derived therefrom. The field distribution corresponding to a mode that is capable 
of propagating in the fiber is fixed within a first spatial region situated in front of the splice in 
the beam direction; and the field distribution of this mode is determined within a second 
spatial region situated behind the splice in a beam direction while taking into consideration 
the spatial distribution of the refractive index of the splice. The splice attenuation is 
calculated from the intensity values assigned to both field distributions 
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CALCULATING SPLICE LOSS BY GEOMETRIC MEASUREMENT 

5 1 . Introduction 

The method known as "thermal splicing" can be used to 
interconnect both monomode and multimode glass fibers 
and glass fiber strips in a bonded, low-loss and 

10 permanent fashion. Since the costs of constructing an 
optical waveguide cable network are not inconsiderably 
influenced by splicing as a work step that is 
frequently to be carried out, convenient devices which 
can also be used on site under difficult conditions 

15 have been developed which execute all the steps 
required for welding glass fibers in a largely fully 
automatic fashion (see [1] , for example) . The loss in 
the splice junction produced in such a device is a 
function, inter alia, of the exact alignment of the 

2 0 optically conducting fiber cores, the quality of the 

fiber end faces (roughness, angle of fracture, etc) and 
of the welding parameters (welding time, welding 
current) selected by the operator or described by the 
respective control program. 

25 

2. Prior art 

Disturbances in the geometry of the optically 
conducting fiber core are decisive for the magnitude of 

3 0 the loss in the splice produced. The loss caused, in 

particular, by a core offset, bending of the core or 
widening or tapering of the core can be determined, for 
example, by means of a transmission measurement and the 
use of a bending coupler (LID system) installed in the 
35 splicer. In this case, light is coupled into the glass 
fiber upstream of the splice point, and coupled out 
again downstream of the splice point. The intensity of 
the light transmitted from one glass fiber into the 
other glass fiber via the splice is then a measure of 
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the loss. This measurement method cannot be applied, 
however, when an excessively thick or dark-colored 
fiber coating prevents light from being coupled into 
and out of the fiber core. 

5 

The method disclosed in [2] for determining the splice 
loss is based on the optical detection of the core 
offset, the oblique position of the fiber cores and the 
core bending in the region of the splice point. An 

10 empirically determined formula describes the functional 
dependence of the loss on the said parameters. Since 
the method does not require light to be coupled into 
and out of the fiber core, it can always be applied 
independently of the light-passing capability of the 

15 fiber coating. However, it supplies reliable loss 
values only when the previously named parameters alone 
determine the loss of the splice. However, this is not 
always the case, particularly with wrongly set welding 
parameters or high losses. 

20 

3. Subject matter, goals and advantages of the 
invention 

The subject matter of the invention is a method for 
25 determining the loss of a splice connecting two optical 
waveguides. The term "splice" in this case denotes that 
bonded connection, in particular produced by thermal 
fusing/welding, between at least two optically 
conducting structures or elements, that is to say, in 
30 particular, the connection between glass fibers, glass 
fiber strips/ glass fiber bundles or the connection 
between a glass fiber or a glass fiber strip and an 
active or passive optical component. 

35 The method is intended to enable the user to determine 
the loss in the splice produced, doing so with high 
accuracy while taking account of all the parameters 
substantially influencing the loss. This object is 
achieved by means of a method having the features 
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specified in patent claim 1. The dependent claims 
relate to advantageous embodiments and developments of 
the method . 

The proposed method can be applied straight away in a 
modern splicer, since all that is needed is to adapt 
its software appropriately. The method is 
distinguished, furthermore, by the following 
properties : 

- the achievable accuracy of the determination of loss 
is limited essentially only by the quality of the 
optical system serving to visualize the fiber core, 
and the performance of the processor executing the 
field calculation; 

- the loss in the splice can be determined as a 
function of direction; 

- comparatively thick and/or darkly colored fiber 
coatings cannot impair the measurement; 

- the splice loss can be calculated for any desired 
operating wavelength, and 

- the method permits simple adaptation to the 
respective requirements (for example high accuracy, 
fast measurement) . 

4 . Drawings 

The invention is explained in more detail below with 
the aid of drawings, in which: 

Figure 1 shows the schematic structure of a modern 
thermal splicer operating largely fully 
automatically; 

Figure 2 shows the relative position of the ends of 
two optical fibers that are to be connected; 

a) after being brought together and coarsely 
positioned; 

b) after being aligned with reference to their 
outer contours, and 
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c) after being aligned with reference to their 
optically conducting fiber cores; 
Figure 3 shows the schematic structure of a glass 
fiber, and the profile n(r) of the refractive 
5 index in the plane oriented perpendicular to 

the fiber longitudinal axis; 
Figure 4 shows the intensity distribution ("shadow 
image" of the glass fiber) produced in the 
case of transverse transillumination of a 
10 glass fiber, by means of an imaging optical 

system in the sensor plane of a CCD camera ; 
Figure 5 shows the shadow image of the glass fiber 
whose core has a lateral offset in the region 
of the splice ; 

15 Figure 6 shows the shadow image of a glass fiber whose 
core is bent in the region of the splice; 
Figure 7 shows the shadow image of a glass fiber whose 
core is expanded/ compressed in the region of 
the splice; 

2 0 Figure 8 shows the shadow image of a glass fiber in 
the case of which, because of the diffusion 
of the dopant atoms, the pair of lines 
defining the core exhibit a lesser brightness 
or a lesser contrast in the region of the 

2 5 splice than outside the heating zone; and 

Figure 9 shows the subdivision into cuboids and layers 
of the space on which the method of field 
calculation is based and containing the fiber 
core . 



Description of the exemplary embodiments 



The splicer illustrated only schematically in figure 1 
permits optical fibers to be welded in a largely fully 
3 5 automatic fashion. The bonded connection of the optical 
fibers that is produced with the aid of an arc 
(electric glow discharge) struck between two 
electrodes, which is denoted below as "splice" for 
short, is free of inclusions, the loss caused by the 



splice being on average approximately L = 0.02 -0.03 dB 
(identical standard monomode glass fibers). 

The connection of the monomode or multimode glass 
fibers consisting in each case of a core (refractive 
index n core ) , a cladding (refractive index n c i adding < n core ) 
and a coating of one or more layers is usually 
performed by executing the following method steps: 

a) preparing the fiber ends 1/2, that is to say 
carefully removing the fiber coating, cleaning the 
fiber ends 1/2 and breaking the fibers in such a way 
that the fiber end faces are orientated 
approximately perpendicular to the fiber 
longitudinal axis (angle of fracture < 0.8°; 
typically 0.5°) ; 

b) fixing the fiber ends 1/2 in the holders of the 
splicer; 

c) bringing the fiber ends 1/2 together and aligning 
them by means of high-precision positioning units 
3/4/5 by using the LID system 6/7 (Local Injection 
and Detection) and/or by video image evaluation; 

d) cleaning the fiber end faces by briefly heating the 
fiber ends 1/2; 

e) feeding the fiber ends 1/2 and fusing them by 
striking an electric arc between two electrodes 8/9 
arranged in the region of the fiber ends 1/2, and 

f) checking the quality of the splice (measuring the 
splice loss, checking the tensile strength) . 

Whereas the method steps a) and b) must be executed by 
the operator, that is to say still have to be done 
manually, the method steps specified under c) to f) and 
mentioned further in [1] , in particular the 
determination of the angle of fracture, the quality and 
the level of contamination of the fiber end faces run 
under program control in the splicer. 
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The splicer is equipped with the following components 
and elements in order to carry out these method steps : 

- three positioning units 3/4/5 for independently 
5 displacing the fiber ends 1/2, respectively guided in 

V grooves, in three orthogonal spatial directions (x- 
, y- and z-axis = fiber longitudinal axis), 

- a control unit 10 for driving the actuating elements 
(positioning motors, piezoelectric actuators) of the 

10 positioning units 3/4/5, 

- a transmission measuring device consisting of an 
optical transmitter 6 (light-emitting diode, bending 
coupler) and an optical receiver 7 (bending coupler, 
photodiode, amplifier) (LID system, see [1] , for 

15 example) , 

- two optical systems for projecting the outer contours 
or the profile of the two fiber ends 1/2 into two 
planes (x/z- or y/z-plane) orientated orthogonally 
relative to one another, the optical systems 

20 respectively have a light source 11/12 (light- 

emitting diode), an imaging optical system 13/14 and 
a CCD camera 16/17 which is connected to the video 
evaluating unit 15 and defines the x/z or the y/z 
sensor plane, 

25 - a heat source for heating the fiber ends 1/2 to the 
melting temperature, situated in the region between 
approximately 1600-2000°C, the supply of heat being 
performed in the exemplary embodiment shown by means 
of a glow discharge produced between two electrodes 

30 8/9 and controlled by the unit 18, 

- a central controller 19 which is connected on the 
input side to the video evaluating unit 15 and 
executes and monitors all the steps required for 
splicing in accordance with the selected program, and 

35 - an LCD monitor (not illustrated) . 

After the glass fibers have been inserted into the 
holder of the splicer, their ends 1/2 are not generally 
aligned opposite one another. As illustrated in figure 
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2 schematically in side view, both the outer contours 
of the fiber ends 1/2 and the fiber cores C1/C2 then do 
not necessarily exhibit a transverse offset 5 k or 5 C of 
the same size. The offset 6 k of the outer contours is 
now measured by evaluating the projections, recorded 
with the aid of the two CCD cameras 16/17, of the fiber 
ends 1/2 in the x/z-plane or the y/z-plane. 
Subsequently, the fiber ends 1/2 are displaced with the 
aid of the first positioning units 3/4/5, driven with 
the aid of the control unit 10, in a transverse 
direction, that is to say in the direction of the x- 
and y-axes until the outer contours of the fiber ends 
1/2 are aligned, their transverse offset 8 k thus 
vanishing at least approximately (S^ ~ 5 ky - 0) both in 
the x- and in the y-directions . After this alignment, 
referred to as fine positioning, the fiber ends 1/2 are 
situated opposite one another, as illustrated in figure 
2b. The core offset 8 C , caused by the eccentric position 
of the fiber cores C1/C2, which is still present is 
clearly to be seen. 

In order to produce a splice with the lowest possible 
loss, the fiber ends 1/2 must therefore further be 
aligned with regard to their cores C1/C2, that is to 
25 say the core offset 8 C must be removed or at least 
minimized. This is performed by using the LID system, 
which feeds the IR radiation, emitted by a light- 
emitting diode on the transmitter 6, of wavelength 
800 nm < X < 1600 nm, in particular X = 1300 nra or 
30 A, = 1550 nm, into the left-hand glass fiber via the 
assigned bending coupler, and measures the intensity of 
the radiation, coupled from the left-hand fiber end 1 
into the right-hand fiber end 2, by means of the 
optical receiver, consisting of a second bending 
35 coupler and a photodiode amplifier unit. The fiber ends 
1/2 are displaced in this case in the transverse 
direction until the radiation intensity measured in the 
optical receiver 7 of the LID system reaches a maximum, 
the fiber ends 1/2 thereby assuming the position 



10 



15 
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illustrated in figure 2c (fiber cores C1/C2 in line and 
aligned in parallel with the z-axis; small contour 
offset corresponding to the corrected core offset 8 C ) . 

Subsequently, the fiber ends 1/2 are heated by striking 
the electric arc between the electrodes 8/9, brought 
together and fused with one another. During this 
process, the LID system 6/7 continuously measures the 
light transmission via the splice point. If the 
intensity measured in the optical receiver 7 reaches a 
maximum, the optimum welding period is reached and the 
welding operation is automatically terminated. By 
applying this technique, referred to as automatic 
fusion time control, it is possible largely to 
compensate the effects caused by the state of the 
electrodes 8/9 (non-optimum spacing, wear, etc) and/or 
by environmental influences (moisture, air pressure, 
temperature), and which lead to a rise in splice loss. 

20 Despite every care taken and the precision exercised 
during the preparation, alignment and bringing together 
of the glass fibers 1/2, it is not possible, as a rule, 
completely to avoid a residual offset of the fiber 
cores C1/C2, oblique positioning of the fiber 

25 longitudinal axes and/or of the fiber end faces, as 
well as an overtravel (the incipiently fused fiber ends 
are brought together and pushed into one another beyond 
the permissible extent) . Depending on the 
extent /magnitude of these "faulty positions", it 

30 follows that in the region of the splice produced the 
geometry of the fiber core C1/C2 deviates more or less 
strongly from that of the undisturbed fiber. Since it 
is essentially only the fiber core that transports the 
light, disturbances in the core geometry in the region 

35 of the splice are chiefly responsible for the increase 
in the loss. Thus, methods for determining the quality 
of a splice can therefore supply results of high 
precision only when the core geometry, that is to say 
the spatial distribution of the refractive index n(r) 



10 
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determining the loss response, at the splice point 
features in the calculation of the loss. 

In the case of the proposed method, the splice geometry 
5 is detected in three dimensions by means of the optical 
systems 11 - 17 present in the splicer and therefrom 
the spatial distribution n(r ) of the refractive index 
that exactly describes the splice and its properties 
(that is to say also the loss) is derived. In detail, 
10 the determination of the splice loss requires the 
execution of the following steps, explained below in 
more detail: 

- determining the splice geometry in three dimensions 
15 and calculating the spatial distribution n(r) of the 

refractive index; 

- ascertaining the field distribution ("initial field 
distribution" E(z 0 )) of a mode that can be propagated 
in the glass fiber (corresponding, for example, to 

20 the fundamental mode LP 0 i in what is termed a monomode 

glass fiber) inside a spatial region situated 
upstream/ downstream of the splice in the beam 
direction; 

- calculating the field distribution ("final field 
25 distribution" E (z n ) ) of this mode inside a spatial 

region situated downstream of the splice in the beam 
direction, and 

- calculating the loss in the splice from the intensity 
values assigned to the two field distributions. 

30 

Detecting the splice geometry in three dimensions 

A glass fiber serving to transport electromagnetic 
radiation and denoted in figure 3 by 20 consists, for 
35 example, of a Ge-doped S1O2 core 21 (n core = 1.48), and 
Si0 2 cladding 22 (n c i add i n g = 1.46) concentrically 
sheathing the core 21, and on a plastic coating 23 that 
protects a core 21 and cladding 22 against external 
mechanical, thermal and chemical actions and is usually 
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of colored finish and, if appropriate, also provided 
with a ring marking. In the case of a monomode glass 
fiber 20, the core glass diameter is typically 
<t>core = 9 |im, while the cladding glass diameter is 
5 typically gladding = 12 5 |Xm. 

Since the concentration of the dopant in the glass 
fiber 2 0 has a constant value on the fiber longitudinal 
axis OA, and exhibits in the plane orthogonal thereto, 

10 for example, the profile illustrated in the right-hand 
part of figure 3, the spatial distribution of the 
refractive index n(r ) is also radially symmetrical with 
reference to the fiber longitudinal axis OA 
(n(r) = n(r,z=z 0 )). Because of the already mentioned 

15 effects (offset of the fiber core, oblique position of 
the fiber end faces, etc before the splicing) , the 
spatial distribution of the refractive index n(r) in 
the region of the splice can differ substantially in 
some circumstances from the refractive index 

2 0 distribution n 0 ( r ) of the undisturbed glass fiber. As 
already explained, it is essentially only the 
deformation of the optically conducting regions, that 
is to say the fiber core 21, that is responsible for 
the loss in intensity at the splice point. 

25 Consequently, to calculate the loss it suffices to know 
the spatial distribution n(r) of the refractive index 
inside a volume containing the core 21 and extending, 
for example, only 2 0 - 40 jam in the transverse 
direction (x/y-plane) . 

30 

Recording images of the splice 

Figure 4 shows the intensity distribution generated by 
the imaging optical system 14 on the sensor surface 
35 17', defining the x/z-plane, of the CCD camera 17, when 
a glass fiber 20 stripped of its protective coating 22 
is transilluminated by activating the light source 12 
in the transverse direction (x-direction) . Clearly in 
evidence are the outer contours 22' (outer edge of the 



- 11 - 

fiber cladding 22) of the glass fiber 20, the two dark 
zones 24/24' caused by the cylinder lens effect, and 
the image of the fiber core 21 (pair of lines 21'). A 
corresponding shadow image is produced by the system, 
5 comprising the light source 11 and the imaging optical 
system 13, on the sensor surface, defining the x/z- 
plane, of the CCD camera 16. The two intensity 
distributions are fed via the video evaluating unit 15 
to the controller 19, which is equipped with a powerful 
10 microprocessor, and stored there in digital form. 

Direct calculation of distribution n(r) of the 
refractive index from the image of the splice 

15 If the optical systems of the splicer have a 
sufficiently high resolution, the spatial distribution 
of the refractive index n(r ) can be calculated directly 
from the recorded images, for example with the aid of 
the method described in [3]. This does not require any 

20 additional information, although the distribution of 
the refractive index still requires to be standardized 
in some way. There are, however, the disadvantages of 
the necessary imaging optical system, which meets high 
demands and is therefore comparatively expensive, and 

25 of the expenditure, additionally required in the case 
of some methods, for generating interference images. 

Deriving the distribution of the refractive index n(_ r_) 
from a basic distribution n 0 _[r )_ 

30 

In order to determine the spatial distribution of the 
refractive index n(r ) in the region of the splice, what 
is termed a basic distribution n 0 ( r ) of the refractive 
index is modified by means of suitable parameters 
35 obtained from the recorded images of the splice. The 
spatial distribution of the refractive index in the 
undisturbed glass fiber serves, in particular, as basic 
distribution n 0 ( r ) . Said undisturbed glass fiber is 
known in the case of use of specific types of glass 



fibers (standard fiber, dispersion-shifted fiber, 
erbium-doped fiber, etc) , or it can be taken from the 
data sheet or supplied by the manufacturer upon 
request. If appropriate information is not available, 
5 the distribution n 0 ( r ) of the refractive index of the 
undisturbed fiber can be determined experimentally, for 
example by means of the method described in [4] . 

It is advantageous in practice for the spatial 
10 distribution, serving as basic distribution n 0 ( r ) , of 
the refractive index of the undisturbed fiber to be 
determined in advance for the different, frequently 
used fiber types and to be stored in the splicer, if 
appropriate in parametric form. Since the glass fibers 
15 used in telecommunication are for the most part 
designed to be homogeneous in the direction of their 
longitudinal axis OA and to be rotationally symmetrical 
with reference to this axis OA, the distribution of the 
refractive index also has a corresponding symmetry, 
20 that is to say what is termed the refractive index 
profile n(r, z 0 ) (r: lateral distance from the fiber 
longitudinal axis OA) describes the distribution of the 
refractive index completely. 

2 5 The following examples explain the steps required to 

determine the distribution n(r), featuring in the 
calculation of the loss, in the region of the splice by 
modifying a basic distribution n 0 (r). For the sake of 
clarity, the effects and mechanisms which act to 

3 0 increase loss and occur in practice simultaneously for 

the most part, are illustrated separately. The 
distribution nxi ( r ) , determined for a wavelength Xl , of 
the refractive index can be converted in this case with 
the aid of what is termed the Sellmaier series (see 
3 5 [5] , for example) into the corresponding distribution 
n^2 ( r ) in tne case of another wavelength A.2 . 
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Offset of the fiber cores 

In the ideal state, the core and cladding of the two 
interconnected glass fibers have the same axes of 
5 symmetry, which coincide with the z-axis, in the region 
of the splice, as well. However, because of incorrect 
positioning of at least one of the two glass fibers in 
advance of fusing (null alignment) , offsetting of the 
cores which disturbs the light propagation and 

10 increases the loss occurs in the region of the splice 
point 25 (see figure 5) . Consequently, in the intensity 
distributions produced by the imaging optical systems 
13/14 on the sensor surfaces of the CCD cameras 16/17, 
respectively, of the splice point there is to be 

15 observed a lateral displacement, proportional to the 
offset, of the pairs of lines 21' /21", representing the 
respective cores, with reference to the z-axis, the 
curve describing the lateral distance x m /ym of the core 
centers from the z-axis showing the stepped profile 

20 illustrated schematically in the right-hand upper part 
of figure 5 . 

If the spatial distribution n 0 ( r ) of the refractive 
index of the undisturbed glass fiber (basic 

25 distribution) in a transverse direction has, for 
example, a stepped profile illustrated in the lower 
part of figure 4, the refractive index distribution 
n(r) being sought, which approximates the real 
conditions, is calculated by modifying the basic 

30 distribution n 0 ( r ) in accordance with equation (1). 

n(r,z)=n 0 (r'+Ar, z) (1) 

Ar 2 = x m 2 (z) + y m 2 (z) 

35 x m : lateral displacement of the core center in the x/z- 
plane 

y m : lateral displacement of the core center in the y/z- 
plane 
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The refractive index profile therefore changes on the 
z-axis in accordance with the right-hand lower part of 
figure 5 . 

5 The offset of the pair of lines 21' /21" representing 
the fiber core 21 with reference to a reference 
position situated preferably at the left-hand or right- 
hand edge of the image is measured in order to extract 
with high accuracy from the images the lateral 
10 distances x m ( z ) /y m ( z ) of the fiber center from the z- 
axis illustrated in the shadow image. The correlation 
method described in [6], for example, can be applied 
for this purpose. 

15 If the optical system of the splicer does not permit 
images/visualization of the fiber core 21, it can be 
assumed in a first approximation that the core 21 does 
not significantly change its position relative to the 
outer contour of the fiber during fusing. The lateral 

2 0 distance of the middle of the core from the z-axis 

illustrated in the shadow image then approximately 
corresponds to the lateral distance of the center of 
the fiber outer contour 22' from this axis. 

25 Bending of the fiber core 

Bending of the fiber core in the region of the splice 
comes about, for example, because of the eccentric 
position of at least one of the two cores inside the 

3 0 respective glass fiber and/or the nonparallelism of the 

mutually opposite fiber end faces in advance of fusing. 
The two imaging optical systems 13/14 of the splicer 
then respectively generate a shadow image on the splice 
which is illustrated schematically in the left-hand 
35 part of figure 6. Outside the heating zone 26, the 
center of the fiber core is to be situated below on the 
z-axis, but to be offset in the middle 25 of the splice 
by Ax(z s ) or Ay(z s ) in the lateral direction. The 
lateral distance Ax(z)/Ay(z) of the core center 
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therefore changes on the z-axis in accordance with the 
function that is illustrated in the right-hand upper 
part of figure 6 and passes through a minimum in the 
middle 25 of the splice (coordinate z s ) . 

5 

In order to obtain the spatial distribution, 
approximated to the real conditions, of the refractive 
index in the region of the splice, the basic 
distribution n 0 (r) is displaced in the lateral direction 
10 in accordance with the measured lateral distance 
Ax(z)/Ay(z) of the core center from the z-axis. The 
right-hand lower part of figure 6 shows the profiles 
n(r,z) of the refractive index that are assigned to the 
various z-values. 

15 

Change in the cross section of the fiber core 

If the two glass fibers to be connected are compressed 
or drawn apart from one another during the splicing 

20 operation, this produces an expansion or tapering of 
the fiber core and the outer contour in the region of 
the splice, something which influences the loss. In the 
shadow image of the splice that is produced (see figure 
7), the lines 21' which delimit the fiber core from the 

25 fiber cladding and run outside the splice point 
approximately parallel to the z-axis then exhibit a 
distance from one another which is increased/reduced by 
comparison with the undisturbed regions situated at the 
edge of the image. The right-hand upper part of figure 

30 7 shows the functional dependence of the widening Ad x/y 
of the core diameter along the z-axis. The width d x/y (z s ) 
of the core is greatest in the middle 2 5 of the splice. 
The ratio V x / y ( z ) given by 

35 V x/y (z): = [d x/y (z) ] / [d x/y (z 0 ) ] (2) 

d x/y (z) : spacing of the pair of lines 21' at a point z 
in the region of the splice 
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d x / Y (z 0 ): spacing of the pair of lines 21' at a point z 0 
outside the heating zone 

therefore defines a measure of the change in cross 
5 section of the fiber core. 

In order to obtain the distribution of the refractive 
index at the splice point, the basic distribution n 0 (r) 
is compressed or stretched in accordance with the ratio 
10 V x/y (z) in the x/y-plane, such that, for example, the 
refractive index profile illustrated schematically in 
the right-hand lower part of figure 7 is obtained at 
different points on the z-axis. 

15 If no high quality imaging system is available (core 
not visible in the shadow image) , the change in cross 
section of the fiber core can be equated at least 
approximately to the change in cross section of the 
outer contour (not illustrated in figure 7). It 

20 therefore suffices to measure the fiber outer contours 
22 ' in the respective shadow image, in order to 
determine the compression or expansion factor V x/y (z) 
that can be applied to the basic distribution. 

25 Diffusion of the dopant in the region of the splice 

During the heating of the glass fibers in the arc, the 
dopant responsible for the different refractive indices 
of core and cladding begin to migrate in the direction 
3 0 prescribed by the gradient of the concentration, that 
is to say chiefly in the lateral direction outward into 
the cladding. This process leads to a change in the 
refractive index profile that influences the loss. 

35 Since the concentration of the dopant at the 
core/cladding boundary decreases as a consequence of 
the diffusion, the image contrast is reduced at the 
splice point, that is to say the pair of lines 21' 
representing the fiber core appear to be less dark in 
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the shadow image produced, in particular in the middle 
25 of the splice, than outside the heating zone 26, for 
example (see figure 8) . The change Ap x/y , caused by 
diffusion, in the dopant concentration on the z-axis 
5 thereby approximately follows the bell -shaped curve 
illustrated in the right-hand upper part of figure 8. 

In order to obtain the distribution of the refractive 
index n(r,z) at the splice, the basic distribution 
10 n 0 (r,z 0 ) is compressed or stretched in the lateral 
direction with the aid of a parameter 
S x/y (z) = f(K x/y (z)) dependent on the ratio 

K x/Y (z) : = H x/y (z) /H x/y (z 0 ) (3) 

15 

brightness/intensity of the core boundary at a 
point z in the region of the splice 
brightness /intensity of the core boundary at a 
point z 0 outside the heating zone, 
20 

such that the distribution n(r) being sought exhibits 
the profile, illustrated in the right-hand lower part 
of figure 8, on the z-axis. The ratio K x/y (z) can also 
serve approximately as a parameter S x/y (z) . 

25 

If the core is not to be discerned in the shadow images 
(simple optical system), it is possible to deduce the 
level of the diffusion and thus the stretch/compression 
factor by measuring the splicing temperature (for 
3 0 example directly or indirectly via the brightness of 
the heated fiber) or from the heating temperature set 
at the splicer. 

Ascertaining the initial field distribution 

35 

The initial field distribution E 0 (r) featuring in the 
calculation of the splice loss corresponds to the 
spatial dependence, derived from the basic distribution 
n 0 (r) of the refractive index for a given wavelength 



H x/y (z) : 
H x / y (z 0 ) : 



and the associated spatial region, of the electric 
field of a mode that can be propagated in the glass 
fiber (for example fundamental mode LP 0 i of a monomode 
glass fiber) . Methods for calculating the field 
5 distribution from a prescribed spatial distribution of 
the refractive index are known, for example, from 
[7, 8]. 

Calculating the final field distribution 

10 

The initial field distribution E 0 (r), assigned to the 
mode that can be propagated, in a first spatial region 
enclosing the fiber core and situated upstream of the 
splice is used to calculate the spatial dependence, 

15 termed the final field distribution E n (r) below, of 
the electric field of the mode, propagating from the 
first spatial region via the splice, within a second 
spatial region situated downstream of the splice in the 
direction of propagation, by means of one of the beam 

20 propagation methods (BPM) described in [9 - 11]. ~ 

The BPM firstly requires the refractive index 
distribution at discrete points in space, which is 
subdivided, for example, into cuboids of equal size. 

2 5 The edge length of each cuboid can be 0.5 |im, for 

example, in the z-direction, and 0.25 \im in the x- and 
y-direction, in each case (see figure 9), all the 
cuboids with the same z-coordinate forming a spatial 
region denoted as a layer. Each cuboid is assumed to be 

3 0 homogeneous with reference to the refractive index, 

that is to say the refractive index does not change 
inside the respective cuboid. 

Since the distribution of the refractive index cannot 
35 be determined from the abovedescribed measurements with 
the accuracy required for the BPM, the missing data 
points are determined by interpolation (for example 
using splines) . This can even be done straight away, 
since the refractive index changes only very little 
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between two points in space which are still just 
resolved by the imaging system. 

If the electric field E 0 (x, y, z 0 ) (termed E (z 0 ) below) 
5 describing a mode that can be propagated in the glass 
fiber and derived from the basic distribution n 0 ( r ) is 
present at the centers of the cuboid end faces of the 
first layer (symbolized by black points in figure 9), 
the BPM uses this initial field distribution and the 

10 refractive indices of the first layer to calculate the 
electric field E (x, y, zo + Az ) between the first and 
second layers and again, therefrom, the electric field 
E (x, y, z 0 + 2Az) between the second and third layers. 
If the method is continued iteratively, the BPM finally 

15 supplies the electric field E n (x, y, z 0 + nAz) (termed 
E (z n ) below) , representing the final field 
distribution, at the end surface of the last layer. 

Numerous variants of the BPM exist, the desired 
2 0 accuracy, the required computational outlay and the 
tolerable computer time determining the selection of 
the method to be applied. Thus, the computational 
outlay and therefore the computer time can be reduced 
for a given computer power 

25 

- by using a method operating with the aid of a slowly 
varying envelope approximation (splice geometry 
deviates only negligibly from that of the undisturbed 
fiber) , 

30 - by applying a scalar BPM (weak transverse mode 
coupling) , or 

- by reducing the three-dimensional distribution of the 
refractive index, for example with the aid of the 
method of the effective index, to a two-dimensional 

35 problem (simple splice geometry) . 
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Calculating the splice loss 

The splice loss can be calculated from the initial 
field distribution E(z 0 ) of the final distribution 
5 E ( z n ) or the corresponding intensities I(z 0 ) and I(z n ), 
respectively, by means of 

10 The above formula assumes that E(z n ) describes a mode 
that propagates even over relatively large distances in 
the fiber. If the final field distribution E (z n ) also 
includes amounts of modes that cannot propagate, it is 
necessary at first to decompose E (z n ) in accordance 

15 with the equation (4) , V denoting the order of the 
highest mode that can still propagate, and w denoting 
the order of the highest mode contained in E (z n ) . 

l«0 /=v+l 

20 

Consequently, the variable LEi(z n ) represents the total 
field distribution of the modes that can propagate, and 
Slj(zn) represents the total field distribution of the 
modes that cannot propagate, the intensity I(z n ) derived 
25 only from SEi(z n ) featuring in the calculation of the 
loss . 

The determination of the final field distribution from 
the initial field distribution requires a high 

30 computational outlay, and so it is possible, depending 
on the performance of the processor built into the 
splicer, for a relatively long time to elapse before 
the splice loss is indicated on the display screen. 
This can be avoided by no longer calculating the final 

35 field distribution directly in the splicer, but doing 
so in advance at the manufacturers. There, the 
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parameters relevant to the loss are determined from a 
large number of recorded splice geometries and the loss 
values calculated using a powerful processor. These 
parameters need not necessarily have a physical analogy 
5 (for example core offset, etc) . Methods for determining 
such parameters are known from statistics or physics by 
the designation of main components or factor analysis 
or Karhunen-Loeve decomposition. The functional 
relationship of the parameters with the calculated loss 
10 defines a characteristic diagram which is stored in 
each splicer. The function of the splicer then reduces 
to using the parameters to classify the splice produced 
and reading of the assigned loss from the 
characteristic diagram. 

15 
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Patent claims 

1. A method for determining the loss of a splice 
connecting two optical waveguides by executing the 
following steps: 

a) determining or describing a first spatial 
distribution of the refractive index (n 0 (r)) 
inside a first spatial region, not influenced 
by the splice, of a first optical waveguide, 

b) determining a second spatial distribution 
(n(r)) of the refractive index in the region of 
the splice, 

c) deriving a first field function (E(z 0 )) from 
the first spatial distribution (n 0 (r)) of the 
refractive index, the first field function 
(E(zo)) describing the spatial dependence of 
the electric field of a mode that can propagate 
in the waveguides , 

d) calculating a second field function (E(z n )) 
from the first field function (E(z 0 )) and the 
second spatial distribution of the refractive 
index (n<r)), the second field function 
(E(z n )) describing the spatial dependence of 
the electric field, the mode propagating from 
the first spatial region via the splice, within 
a second spatial region, not influenced by the 
splice, of the second optical waveguide, 

e) calculating a first intensity (I(z 0 )) and a 
second intensity (I(z n )) from the assigned field 
functions (E(z 0 ), E (z n ) ) , and 

f) calculating the loss (L) of the splice 
occurring as a function of the ratio of the two 
intensities (I(z 0 ), I(z n )). 



35 2 . 



The method as claimed in claim 1, characterized in 
that the loss (L) of the splice is calculated in 
accordance with the relationship 
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The method as claimed in claim 1 or 2, 
characterized in that the second spatial 
distribution (n(r)) of the refractive index is 
determined by transverse irradiation of the splice 
with light and evaluation of the intensity 
distribution generated downstream of the splice in 
the beam direction, or of the shadow image. 

The method as claimed in claim 3, characterized in 
that the waveguides and the splice are 
transilluminated from two directions enclosing an 
angle of a * 180°, and in that the transmitted 
radiation is projected in each case by means of an 
optical system (13, 14) onto a sensor or detector 
element (16, 17) defining a plane. 

The method as claimed in claim 4, characterized in 
that the planes respectively defined by the sensor 
or detector element (16, 17) enclose an angle of 
approximately 90°. 

The method as claimed in one of claims 3 to 5 , 
characterized in that an offset of the center of 
the optically-conducting core of the waveguides in 
the region of the splice is determined at least in 
a first spatial direction from the shadow image, 
in that the first spatial distribution of the 
refractive index corresponding to the offset of 
the light-conducting core is displaced in the 
corresponding spatial direction, and in that the 
modified first spatial distribution of the 
refractive index represents the second spatial 
distribution of the refractive index. 



The method as claimed in claim 6, characterized in 
that the offset of the optically-conducting core 
is derived from the offset of the center line of 
the outer contour of the waveguides in the region 
of the splice. 

The method as claimed in one of claims 3 to 5, 
characterized in that a tapering or expansion of 
the light -conducting core of the waveguides in the 
region of the splice is determined at least in a 
first spatial direction from the shadow image, in 
that the first spatial distribution of the 
refractive index is compressed or stretched in the 
corresponding spatial direction by a factor 
proportional to the ratio [d x/y (z) ] / [d x/y ( z 0 ) ] , 
d x/y (z 0 ) denoting the width of the core at a point 
z 0 , not influenced by the splice, of the 
waveguides, and d x/y (z) denoting the width of the 
core at a point z lying in the region of the 
splice, and in that the correspondingly compressed 
or elongated first spatial distribution of the 
refractive index represents the second spatial 
distribution of the refractive index. 

The method as claimed in claim 8, characterized in 
that the tapering or expansion or of the light- 
guiding core is derived respectively from the 
tapering or expansion of the outer contour of the 
waveguides in the region of the splice. 

The method as claimed in one of claims 3 to 5 , 
characterized in that the brightness of an edge 
delimiting the light-guiding core of the cladding 
of the waveguide is of the measured in at least 
one of the two shadow images in the region of the 
splice and in a second region not influenced by 
the splice, in that the first spatial distribution 
of the refractive index is spatially modified in 
accordance with a factor dependent on the measured 
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brightnesses, and in that the modified first 
spatial distribution of the refractive index 
represents the second spatial distribution of the 
refractive index. 
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Translation of Claims 1 1-28 
Patent Claims: 

11. A method for determining the loss of a splice connecting two optical waveguides by 
executing the following steps: 

a) determining or describing a first spatial distribution of the refractive index 

(n 0 ( r )) inside a first spatial region, not influenced by the splice, of a first optical 
waveguide, 

b) determining a second spatial distribution (n( r )) of the refractive index in the 
region of the splice, 

c) deriving a first field function ( E (z 0 )) from the first spatial distribution (n 0 ( r )) of 
the refractive index, the first field function ( E (z 0 )) describing the spatial 
dependence of the electric field of a mode that can propagate in the waveguides, 

d) calculating a second field function ( E (z„)) from the first field function ( E (z 0 )) 
and the second spatial distribution of the refractive index (n( r )), the second field 
function ( E (z n )) describing the spatial dependence of the electric field, the mode 
propagating from the first spatial region via the splice, within a second spatial 
region, not influenced by the splice, of the second optical waveguide, 

e) calculating a first intensity (I(z 0 )) and a second intensity (I(z n )) from the assigned 
field functions ( E (z 0 ), E (z n )), and 

f) calculating the loss (L) of the splice occurring as a function of the ratio of the two 
intensities (I(z 0 ), I(z n )). 

12. The method as claimed in claim 11, characterized in that the loss (L) of the 
splice is calculated in accordance with the relationship 



13. The method as claimed in claim 11, characterized in that the second spatial 
distribution (n( r )) of the refractive index is determined by transverse irradiation of the 
splice with light and evaluation of the intensity distribution generated downstream of the 
splice in the beam direction, or of the shadow image. 

14. The method as claimed in claim 12, characterized in that the second spatial 
distribution (n( r )) of the refractive index is determined by transverse irradiation of the 
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Translation of Claims 1 1-28 

splice with light and evaluation of the intensity distribution generated downstream of the 
splice in the beam direction, or of the shadow image. 

15. The method as claimed in claim 13, characterized in that the waveguides and 
the splice are trans-illuminated from two directions enclosing an angle of a* 180°, and 
in that the transmitted radiation is projected in each case by means of an optical system 
(13, 14) onto a sensor or detector element (16, 17) defining a plane. 

16. The method as claimed in claim 14, characterized in that the waveguides and 
the splice are trans-illuminated from two directions enclosing an angle of 180°, and 
in that the transmitted radiation is projected in each case by means of an optical system 
(13, 14) onto a sensor or detector element (16, 17) defining a plane. 

17. The method as claimed in claim 15, characterized in that the planes 
respectively defined by the sensor or detector element (16, 17) enclose an angle of 
approximately 90°. 

18. The method as claimed in claim 16, characterized in that the planes 
respectively defined by the sensor or detector element (16, 17) enclose an angle of 
approximately 90°. 

19. The method as claimed in one of claims 13, characterized in that an offset of 
the center of the optically-conducting core of the waveguides in the region of the splice is 
determined at least in a first spatial direction from the shadow image, in that the first 
spatial distribution of the refractive index corresponding to the offset of the light- 
conducting core is displaced in the corresponding spatial direction, and in that the 
modified first spatial distribution of the refractive index represents the second spatial 
distribution of the refractive index. 

20. The method as claimed in one of claims 14, characterized in that an offset of 
the center of the optically-conducting core of the waveguides in the region of the splice is 
determined at least in a first spatial direction from the shadow image, in that the first 
spatial distribution of the refractive index corresponding to the offset of the light- 
conducting core is displaced in the corresponding spatial direction, and in that the 
modified first spatial distribution of the refractive index represents the second spatial 
distribution of the refractive index. 

21. The method as claimed in claim 19, characterized in that the offset of the 
optically-conducting core is derived from the offset of the center line of the outer contour 
of the waveguides in the region of the splice. 



22. The method as claimed in claim 20, characterized in that the offset of the 
optically-conducting core is derived from the offset of the center line of the outer contour 
of the waveguides in the region of the splice. 



Translation of Claims 1 1-28 

23. The method as claimed in one of claims 13, characterized in that a tapering or 
expansion of the light-conducting core of the waveguides in the region of the splice is 
determined at least in a first spatial direction from the shadow image, in that the first 
spatial distribution of the refractive index is compressed or stretched in the corresponding 
spatial direction by a factor proportional to the ratio [d x / y (z)]/[d x/y (z 0 )], dx/y(z 0 ) denoting 
the width of the core at a point z 0 , not influenced by the splice, of the waveguides, and 
dx/ y (z) denoting the width of the core at a point z lying in the region of the splice, and in 
that the correspondingly compressed or elongated first spatial distribution of the 
refractive index represents the second spatial distribution of the refractive index. 

24. The method as claimed in one of claims 14, characterized in that a tapering or 
expansion of the light-conducting core of the waveguides in the region of the splice is 
determined at least in a first spatial direction from the shadow image, in that the first 
spatial distribution of the refractive index is compressed or stretched in the corresponding 
spatial direction by a factor proportional to the ratio [d x / y (z)]/[d x / y (z 0 )], dx/ y (z 0 ) denoting 
the width of the core at a point z 0 , not influenced by the splice, of the waveguides, and 
dx/ y (z) denoting the width of the core at a point z lying in the region of the splice, and in 
that the correspondingly compressed or elongated first spatial distribution of the 
refractive index represents the second spatial distribution of the refractive index. 

25. The method as claimed in claim 23, characterized in that the tapering or 
expansion or of the light-guiding core is derived respectively from the tapering or 
expansion of the outer contour of the waveguides in the region of the splice. 

26. The method as claimed in claim 24, characterized in that the tapering or 
expansion or of the light-guiding core is derived respectively from the tapering or 
expansion of the outer contour of the waveguides in the region of the splice. 

27. The method as claimed in one of claims 13, characterized in that the 
brightness of an edge delimiting the light-guiding core of the cladding of the waveguide 
is of the measured in at least one of the two shadow images in the region of the splice and 
in a second region not influenced by the splice, in that the first spatial distribution of the 
refractive index is spatially modified in accordance with a factor dependent on the 
measured brightnesses, and in that the modified first spatial distribution of the refractive 
index represents the second spatial distribution of the refractive index. 

28. The method as claimed in one of claims 14, characterized in that the 
brightness of an edge delimiting the light-guiding core of the cladding of the waveguide 
is of the measured in at least one of the two shadow images in the region of the splice and 
in a second region not influenced by the splice, in that the first spatial distribution of the 
refractive index is spatially modified in accordance with a factor dependent on the 
measured brightnesses, and in that the modified first spatial distribution of the refractive 
index represents the second spatial distribution of the refractive index. 
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(57) Abstract: The assessment of the quality of a splice provides high-precision results only when the dimensions of the light- 
conducting fiber core, i.e. the spatial distribution of the refractive index, said distribution determining the attenuation behavior, in 
the area of the splice, are used in the calculation of the attenuation. As a result, the dimensions of the splice are measured in a 
three-dimensional manner by optical systems (12, 14), and the spatial distribution of the refractive index on the splice is derived 
therefrom. The field distribution corresponding to a mode that is capable of propagating in the glass fiber is fixed within a first 
spatial region situated in front of the splice in the beam direction. In addition, the field distribution of this mode is determined within 
a second spatial region situated behind the splice in a beam direction while taking into consideration the spatial distribution of the 
refractive index on the splice, and the splice attenuation is calculated from the intensity values assigned to both field distributions. 
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DECLARATION IN ORIGINAL APPLICATION U.S. Attorney Docket No.: SIOI -030 
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original, first and joint inventor (if plural names are listed below) of the subject matter which is 
claimed and for which a patent is sought on the invention entitled BERECHNUNG DER 
SPLEISSDAMPFUNG NACH MESSUNG DER GEOMETRIE (METHODS FOR 
DETERMINING THE ATTENUATION OF A SPLICE THAT CONNECTS TWO OPTICAL 
WAVEGUIDES) 
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and was amended on (if applicable) 

I I was filed as PCT international application number , on , and was 
amended under PCT Article 1 9 on (if applicable). 
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application in accordance with Title 37, Code of Federal Regulations, § 1.56. 

i I hereby claim foreign priority benefits under Title 35, United States Code, § 1 19(a)-(d) or 
355(b) of any foreign application(s) for patent or inventor's certificate or 365(a) of any PCT 
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